




THEORETICAL AND EXPERIMENTAL ANALYSES OF A SOLAR/WASTE 
HEAT ASSISTED AIR-CONDITIONING SYSTEM FOR APPLICATIONS 




















THEORETICAL AND EXPERIMENTAL ANALYSES OF A SOLAR/WASTE 
HEAT ASSISTED AIR-CONDITIONING SYSTEM FOR APPLICATIONS 
IN TROPICAL CLIMATES 
 
 
MOHAMMADREZA SAFI ZADEH 
(B. Eng., Bahonar University of Kerman, Iran, 
M. Sc. Universiti Teknologi Malaysia, Malaysia) 
 
A THESIS SUBMITTED 
 
 
FOR THE DEGREE OF DOCTOR OF PHILOSOPHY  
 
 
NUS GRADUATE SCHOOL FOR INTEGRATIVE SCIENCES AND 
ENGINEERING 














In the Name of God, the most gracious, the most merciful. I would like to praise 
the God for giving me guidance, health and patience.  
This dissertation would not have been possible without several individuals who 
were always there to support me to complete the work.  
I would like to express my sincere appreciations to my supervisors, Prof. Armin 
Aberle and Prof. Joachim Luther for giving me guidance, insight, encouragement and 
support to pursue a challenging project in the National University of Singapore (NUS) 
at the Solar Energy Research Institute of Singapore (SERIS) and later, in parallel, at 
the Fraunhofer Institute for Solar Energy Systems (Fraunhofer ISE) in Freiburg, 
Germany. My thanks are extended to my Thesis Advisory Committee, Prof. Li 
Baowen from the Centre for Computational Science and Engineering and Prof. Ng 
Kim Choon from the Department of Mechanical Engineering, for their encouragement 
and helpful research advices. 
I also would like to thank Prof. Hans-Martin Henning, Dr. Peter Schossig, Mr. Edo 
Wiemken, Dr. Alexander Morgenstern and Dr. Constanze Bongs who gave me the 
opportunity, scientific advice and encouragement to complete my thesis in the 
Division of Thermal Systems and Buildings at Fraunhofer ISE for a period of 19 
months. I would like to extend special thanks to the members of the Sorption 
Technology Group, Dr. Stefan Henninger, Mr. Gunther Munz and Mr. Philipp 
Hügenell for their supports in conducting the material characterizations at Fraunhofer 
ISE. Thanks to Aqdas Nida for her help to measure the water vapour transfer rate of 
the membrane material. My sincere thanks go to friends in my office at Fraunhofer 
ISE, Mr. Jochen Döll, Mr. Hannes Fugmann and Dr. Gerrit Füldner for sharing great 
friendship and useful scientific advice. 
iv 
I am thankful to Dr. Thomas Reindl and Ms. Maggie Keng for their great support. 
My thanks also go to Dr. Khin Zaw and Dr. Arifeen Wahed for their advice and help 
to perform as many experiments as possible at SERIS before the laboratory closure. 
Being in Malaysia, Singapore and Germany, I could make great friendship with 
many of my friends who have been with us in good and bad moments. They were 
with us in our happiest moments of our life, e.g. our wedding and birth of our twins, 
as well as saddest moments, e.g. the loss of our fathers. I owe my gratitude to my dear 
friends for their supports. 
I am blessed to have a wonderful wife (Sahba) who has been with me all the time 
with amazing love and support. Thanks God for blessing us with beautiful and healthy 
twins (Sophia and Samiyar). I give my thanks to my great mother whose words and 
prayers have been a great hope and serenity over my whole life. 
Finally, I would like to acknowledge the generous financial support of the NUS 
Graduate School for Integrative Sciences and Engineering (NGS), National University 
of Singapore. I am thankful to its Management Board, especially Assoc. Prof. Tang 




TABLE OF CONTENTS 
DECLARATION........................................................................................................... i 
DEDICATION.............................................................................................................. ii 
ACKNOWLEDGMENTS ......................................................................................... iii 
SUMMARY ................................................................................................................. xi 
LIST OF TABLES ................................................................................................... xiii 
LIST OF FIGURES .................................................................................................. xiv 
NOMENCLATURE ............................................................................................... xviii 
1 INTRODUCTION.................................................................................................. 1 
1.1 Motivation ....................................................................................................... 1 
1.2 Electricity-efficient air-conditioning systems ................................................. 2 
1.2.1 Description of the proposed electricity-efficient heat assisted air-
conditioning system ........................................................................... 10 
1.3 Research objectives ....................................................................................... 12 
1.4 Thesis chapter overview ................................................................................. 13 
2 LITRATURE REVIEW ...................................................................................... 16 
2.1 Review of related technologies and strategies ............................................... 16 
2.1.1 Desiccant dehumidification systems ................................................. 16 
2.1.2 Membrane-based mass and heat exchange unit ................................. 20 
vi 
2.1.3 Solar and waste heat sources for desiccant systems .......................... 21 
2.1.4 Evolutionary strategies for overall optimization of systems ............. 23 
2.2 Theories ......................................................................................................... 24 
2.2.1 Adsorption fundamentals ................................................................... 24 
2.2.1.1 Adsorption isotherm .................................................................... 26 
2.2.1.2 Classification of isotherms .......................................................... 27 
2.2.1.3 Heat of adsorption (Dubinin approach) ....................................... 28 
2.2.2 Mass transfer principles between moist air and adsorbent material: 
Pseudo-Gas-Side (PGS) model .......................................................... 30 
2.2.3 Heat transfer principle and Heat transfer Biot number ..................... 33 
2.2.4 Fluid transfer in porous membrane materials .................................... 34 
2.2.4.1 Properties of the porous membrane material ............................... 36 
2.2.5 Evaporative cooling process .............................................................. 38 
2.2.5.1 Mathematical modelling of the evaporative cooling process ...... 41 
3 NUMERICAL MODELLING, SIMULATION AND EXPERIMENTS ON 
THE EVAPORATIVELY COOLED SORPTIVE (ECOS) UNIT ........................ 45 
3.1 Introduction ................................................................................................... 45 
3.1.1 Evaporatively COoled Sorptive (ECOS) unit .................................... 45 
3.2 Mathematical modelling ................................................................................ 49 
3.2.1 Model assumptions ............................................................................ 49 
3.2.2 Conjugate mass and heat transfer processes in the desiccant bed ..... 51 
3.2.2.1 Mass balance in the desiccant bed ............................................... 51 
3.2.2.2 Energy balance in the desiccant bed ............................................ 54 
3.2.3 Conjugate mass and heat transfer in the process air stream .............. 56 
3.2.3.1 Mass balance in the process channel ........................................... 56 
3.2.3.2 Energy balance in the process channel ........................................ 58 
3.2.4 Energy balance in the cooling channel .............................................. 60 
3.2.5 Boundary conditions .......................................................................... 63 
3.2.5.1 Primary air ................................................................................... 63 
3.2.5.2 Cooling air ................................................................................... 63 
3.2.6 Finite difference approach ................................................................. 63 
3.3 Experiments ................................................................................................... 66 
3.3.1 Introduction ....................................................................................... 66 
3.3.2 Experimental set-up ........................................................................... 66 
vii 
3.3.2.1 Data acquisition system ............................................................... 67 
3.3.3 Exemplary experimental results ........................................................ 69 
3.3.4 Comparison between the simulation and experimental results ......... 71 
3.4 Results of simulation analyses and discussion .............................................. 75 
3.4.1 Exemplary results of simulation calculations for the ECOS 
dehumidifier ...................................................................................... 75 
3.4.2 The effect of the effective mass transfer coefficient on the adsorption 
process ............................................................................................... 78 
3.4.3 Performance of the ECOS system under different ambient air 
temperatures ...................................................................................... 82 
4 NUMERICAL MODELLING, SIMULATION AND EXPERIMENTS ON 
THE MEMBRANE-BASED MASS AND HEAT EXCHANGE UNIT ................ 84 
4.1 Introduction ................................................................................................... 84 
4.1.1 Membrane-based mass and heat exchange unit ................................. 84 
4.2 Mathematical modelling ................................................................................ 85 
4.2.1 Model assumptions ............................................................................ 86 
4.2.2 Mass and energy balances (membrane layer) .................................... 89 
4.2.2.1 Mass transfer in the membrane layer ........................................... 89 
4.2.2.2 Energy balance in the membrane layer ........................................ 90 
4.2.3 Mass and energy balance in the primary air channel ........................ 92 
4.2.3.1 Mass balance in the primary air channel ..................................... 92 
4.2.3.2 Energy balance in the primary air channel .................................. 93 
4.2.4 Mass and energy balance in the secondary air channel ..................... 94 
4.2.4.1 Mass balance in the secondary air channel .................................. 94 
4.2.4.2 Energy balance in the secondary air channel ............................... 95 
4.2.5 Required coefficients ......................................................................... 95 
4.2.5.1 Parameters for heat and mass transport in the air channels ......... 95 
4.2.6 Boundary conditions .......................................................................... 96 
4.2.6.1 Primary air ................................................................................... 96 
4.2.6.2 Secondary air ............................................................................... 96 
4.2.6.3 Membrane layer ........................................................................... 97 
4.2.7 Numerical solution of the models for mass and heat transport ......... 97 
4.3 Experiments ................................................................................................... 99 
4.3.1 Introduction ....................................................................................... 99 
4.3.2 Experimental set-up ........................................................................... 99 
viii 
4.3.3 Experimental performance evaluation of the membrane unit ......... 100 
4.3.4 Comparison between simulation and experimental results ............. 103 
4.4 Results of simulation analyses and discussion ............................................ 104 
4.4.1 Variation of selected membrane’s parameters ................................ 105 
4.4.2 Pareto optimisation of a membrane-based dehumidification unit ... 107 
4.4.2.1 Counter-flow membrane system with rectangular membrane area
 ................................................................................................... 108 
5 CHARACTERISTICS OF MEMBRANE AND DESICCANT MATERIALS . 
 .............................................................................................................................. 111 
5.1 Characterization of the membrane material ................................................ 111 
5.1.1 Surface characteristics ..................................................................... 111 
5.1.1.1 Surface morphology characterization by SEM images ............. 111 
5.1.1.2 Characterization of impregnated soluble salt using XRD ......... 114 
5.1.1.3 Contact angle measurement ....................................................... 114 
5.1.2 Ad-absorption characterization of the membrane ........................... 115 
5.1.2.1 Water ad-absorption isotherm ................................................... 117 
5.1.3 Sorption heat .................................................................................... 118 
5.1.4 Effective diffusion coefficient ......................................................... 119 
5.1.5 Heat conductivity and heat capacity of the membrane material ...... 123 
5.2 Adsorption characteristics of desiccant materials ....................................... 125 
5.2.1 Introduction ..................................................................................... 125 
5.2.2 Adsorbent (silica gel 123B) properties ............................................ 125 
5.2.3 Adsorption characteristics ............................................................... 126 
5.2.3.1 Adsorption isotherm (Water uptake) ......................................... 127 
5.2.3.2 Heat of adsorption (adsorption potential) .................................. 128 
6 PERFORMANCE EVALUATION OF A TWO-STAGE 
DEHUMIDIFICATION AND ENERGY RECOVERY SYSTEM ..................... 131 
6.1 Introduction ................................................................................................. 131 
6.2 Description of the two-stage dehumidification system ............................... 131 
6.3 Comparison between simulations and experimental data ........................... 133 
6.4 Parametric evaluation of operating conditions ............................................ 136 
ix 
6.4.1 Air flow rates and regeneration temperatures ................................. 136 
6.4.2 Adsorption, pre-cooling and regeneration time ............................... 139 
6.5 Conceptual system configurations ............................................................... 141 
6.5.1 System configuration-1: passing a part of the return air directly to the 
ECOS. .............................................................................................. 142 
6.5.2 System configuration-2: Using an indirect evaporative cooling unit 
before the membrane unit ................................................................ 145 
6.5.3 System configuration-3: Using an indirect evaporative cooling unit 
after the membrane unit and before the ECOS system .................... 147 
6.5.4 System configuration-4: Using additional ambient air flow to be 
mixed with the return air from the membrane unit .......................... 149 
6.5.5 Assessment of conceptual system configurations ........................... 150 
7 MATHEMATICAL MODELLING OF THE COOLING SYSTEM AND 
THE CONDITIONED SPACE ............................................................................... 152 
7.1 Introduction ................................................................................................. 152 
7.2 Chiller system .............................................................................................. 152 
7.2.1 Model of an air-cooled vapour-compression chiller ....................... 153 
7.3 Modelling of the conditioned space ............................................................ 157 
7.3.1 The lumped capacitance model for a zone ...................................... 158 
7.3.2 The moisture capacitance model for a zone .................................... 159 
7.3.3 Parameters of the conditioned space ............................................... 160 
8 OPTIMIZATION OF A HEAT ASSISTED AIR-CONDITIONING SYSTEM 
COMPRISING MEMBRANE AND DESICCANT TECHNOLOGIES ............ 162 
8.1 Introduction ................................................................................................. 162 
8.2 Description of the novel air-conditioning system ....................................... 162 
8.3 Simulation and optimization formulations .................................................. 164 
8.3.1 Simulation inputs ............................................................................. 165 
8.3.1.1 Processing Singapore climate conditions – Bin method analysis
 ................................................................................................... 165 
8.3.1.2 Fixed parameters for the reference system ................................ 167 
8.3.2 Exemplary results of simulation calculation ................................... 169 
x 
8.3.3 Optimization problem formulation .................................................. 170 
8.3.3.1 Decision variables ..................................................................... 170 
8.3.3.2 The objective function ............................................................... 171 
8.3.3.3 Formulation of decision criteria (Penalty function) ................... 173 
8.4 Optimization of the air-conditioning system based on a bin method .......... 174 
8.4.1 Performance indicators of the system .............................................. 178 
8.5 Sensitivity analyses ..................................................................................... 179 
9 CONCLUSIONS AND PROPOSED FUTURE WORK ................................ 184 
9.1 Conclusions ................................................................................................. 184 
9.2 Proposed future work .................................................................................. 188 
REFERENCES ......................................................................................................... 189 
Appendix A Publications arising from this thesis ............................................ 206 
Appendix B Finite difference approaches for numerical simulations of the 
ECOS system  ......................................................................................................... 207 
Appendix C Designing an optimal cross-flow membrane unit for a 
dehumidification application .................................................................................. 212 
Appendix D Block diagram of the two-stage dehumidification system ......... 216 
Appendix E Uncertainty analyses ..................................................................... 218 






In tropical climates, conventional air-conditioning systems contribute more than 
70% to the electricity demand of buildings. This is mainly due to the high ambient 
humidity and the applied conventional method of cooling the air to below a necessary 
dew point in order to reach the desired dehumidification. Handling dehumidification 
load and sensible cooling load separately is a potential solution to considerably reduce 
the electricity demand for air-conditioning in the tropics if the dehumidification 
process is driven by heat energy (e.g. solar thermal or waste heat) instead of 
electricity.  
This thesis focuses on theoretical and experimental analyses and optimizations of a 
novel solar/waste heat assisted air-conditioning system for applications in tropical 
climates. The proposed system comprises a solar/waste heat-driven two-stage 
dehumidification system using membrane and desiccant technologies, and an 
electricity-efficient unit for sensible cooling.  
 Detailed mathematical models for a membrane-based moisture and heat exchanger 
and an evaporatively cooled desiccant dehumidification system (ECOS system) are 
developed. Experiments with such a novel air-conditioning system were carried out at 
SERIS, Singapore for comparing experimental observations and model based 
simulation results.  
Through simulation studies, the performance of individual system components and 
a complete two-stage dehumidification and energy exchange system is assessed, and 
the most influential design and material parameters of the membrane and the ECOS 
units are identified. The membrane and desiccant materials are characterized 
experimentally in order to provide materials properties for the simulation of the 
systems.  
 Detailed optimization and sensitivity analyses are applied in order to generate 
general information for the design of cost-effective systems with desirable perfor-
xii 
mance for applications in tropical conditions. The best performance of the two-stage 
dehumidification and energy recovery system is achieved if, as much as possible, 
dehumidification and cooling are done by the membrane unit. On the other hand, the 
adsorption based ECOS system is essential in order to reach the required level of 
dehumidification, while the evaporative cooling process in the ECOS system has 
significant impact on the improvement of the dehumidification performance and the 
reduction of the air temperature.  
Sensitivity analyses affirm that materials research based potential advances in mass 
and heat transfer properties of membrane and adsorbent materials can significantly 
further reduce the investment and operating costs of the system. The electricity 
demand of the advanced air-conditioning system described in this thesis is reduced 
significantly compared to that of a comparable fully electrically powered conventional 
system under Singapore climate conditions. Under the assumption that sufficient 
cheap heat energy at a temperature level of 70 - 80 °C is available for the regeneration 
process, an assessment of the systems indicates that the total electricity consumption 
is reduced by 50% compared to that of a conventional air-conditioning system under 
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A Area (  ) 
a Height of channels ( ) 
Aads Adsorption potential (    ⁄ ) 
as Thickness of sorption material (m) 
Bih Heat transfer Biot number 
C Cost (  ) 
c Specific heat capacity (     ⁄ ) 
 ̃ COP ratio 
c1 Unit electricity cost (      ) 
c2 Unit heat cost (      ) 
c3, c4 Unit material cost (     ) 
c5, c6 Unit fabrication cost (  ) 
ci concentration (    ⁄ ) 
D Diffusion coefficient (   ⁄ ) 
Dh Hydraulic diameter (m) 
Dkn Knudsen mass diffusion coefficient in adsorbent (   ⁄ ) 
dl Length of element in finite difference method ( ) 
Dm,eff Effective mass diffusion coefficient in membrane (   ⁄ ) 
Dsurf Surface diffusion in adsorbent (   ⁄ ) 
Dv Vapour diffusion coefficient in air (   ⁄ ) 
E Electric/heat energy consumed over the system’s lifetime (   ) 
f Partial load factor 
Fk Diffusional force ( ) 
g Gibbs free energy (   ⁄ ) 
G Mass change (  ) 
H Enthalpy ( ) 
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1.1 Motivation  
The rapid growth of energy consumption in the building sector worldwide, has 
raised serious concerns. Statistics presented by the United Nations Environment 
Programme highlight that buildings consume about 40% of the global primary energy 
supply, and that they produce about one-third of the global greenhouse gas (GHG) 
emissions [1]. Fortunately, buildings have a very high potential in energy saving and 
GHG pollution reductions if the following measures and strategies are taken into 
account [1,2]: 
 Shifting the generation of technically usable energy to renewable energies 
 Initiate long-term policies for the improvement of energy consumption 
patterns 
 Applying latest technologies in the construction of energy-efficient 
buildings 
 Developing electricity-efficient air-conditioning systems 
 In Singapore, buildings are the second-largest electricity consumer after the 
industrial sector (Figure 1-1). Almost 70% of the electricity demand in buildings is 
used by cooling and ventilation systems. Factors such as population growth, high 
demands for office jobs, and high comfort expectation for occupants are the general 
reasons for the high electricity consumption in the building sector [3]. In particular, in 
tropical regions like Singapore, conventional air-conditioning systems consume a 
considerable amount of electricity in order to get rid of the high latent load (humidity) 
of the air. This is mainly due to the need to simultaneously dehumidifying and cooling 
below the dew point temperature. 
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Figure 1-1: Typical electricity consumption by end-use in Singapore and in the 
building sector [3].  
The motivation of this work is to contribute to the realization of electricity-
efficient and ecologically benign air-conditioning systems for tropical climates.  
1.2 Electricity-efficient air-conditioning systems 
In a conventional air-conditioning system, the necessary dehumidification of the 
air is carried out by lowering the temperature of the humid air about the dew point, at 
which the desired humidity level is achieved (see Figure 1-2, process: 3 to 4). As 
presented in Figure 1-2, the cooling of the air to the apparatus dew-point temperature 
(ADP) is necessary only for the required dehumidification of the humid air. This 
imposes an intensive cooling load on the air-conditioning system, which is generally 
handled by a compressor based cooling system powered by electric energy. 
Additionally, reheating the dehumidified and cooled air is necessary to provide 
comfort conditions for the occupants (process: 4 to 5). This process again consumes 
heat energy – in many cases electricity. In practical applications e.g. in Singapore 
[4,5], the ambient air (state-1) is mixed with the return air (state-2) in order to reduce 
the cooling load on the chiller unit and to reduce the electricity consumption (In this 




Figure 1-2: Psychrometric presentation of air conditions in a typical air-conditioning 
system. States-1 and -2 are the states of outdoor ambient air and return air from the 
conditioned space, respectively. State-3 is the state of air with mixture of the fresh 
ambient air and the return air.          
     denotes the enthalpy reduction required for 
dehumidification and cooling (Process 34, cooling to the necessary humidity level 
at state-4).        
     is the energy required for reheating process (Process 45). The 
process 52 describes the heat and humidity gain in the conditioned space. A 
simplified comfort zone is assumed in this thesis – see Section 7.3. ADP: apparatus 
dew point temperature. The difference between the ADP and state-4 is due to the 
bypass factor of the non-ideal cooling device (cooling coil, see Appendix F). (The 
lines between the points in the chart show only the connectivity, not the process).  
Earlier research studies have proposed the following five approaches towards the 
development of electricity-efficient air-conditioning systems. It is possible to use one, 
several, or all of the proposed approaches in designing an electricity-efficient system 
fulfilling the expected comfort needs [6]. 
1. heat recovery systems [7–11], 
2. energy-efficient dehumidification and cooling sub-systems [12–15], 
3. integration of energy-efficient sub-systems into an air-conditioning system 
[16,17],  
4. application of renewable energy sources [18,19], 
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5. applications of novel energy management techniques and control strategies 
[20–22]. 
Among these approaches, the application of a heat recovery system in the 
ventilation side of the system has been reported as a suitable measure in designing an 
electricity efficient air-conditioning system by several studies [9,23–25]. In particular, 
membrane technologies have received much attention. The membranes in such 
applications transfer heat energy (sensible load) and moisture (latent load) from the 
fresh ambient air to the return-air from the conditioned space. The membrane system 
has the benefits of a refrigerant-free system and low electricity consumption (for air 
transport only). 
Towards development of the Dedicated Outdoor Air System (DOAS) with 100% 
fresh air, an integration of an air-to-air membrane system and a conventional vapour-
compression chiller system into an air-conditioning system (see Figure 1-3(a)) has 
been studied by several authors [9,14,26,27]. The proposed systems can reduce the 
dehumidification (latent) and cooling (sensible) loads on the chiller, which in turn 
reduces the electricity consumption of the chiller. As presented in Figure 1-3.b, the 
humid and warm fresh air (state A) is pre-dehumidified and pre-cooled (process: A to 
B) by a membrane unit using the relatively cool and dry return air from the 
conditioned space (state E). The pre-dehumidified and pre-cooled air (state B) is 
further dehumidified in the cooling coil device operating about the dew-point 
temperature (6-10°C) to reach the desirable humidity level (in this case 8 gv/kga). The 
fresh air at ―state C‖ may be too cold to be supplied to the room. Thus, the air is 
reheated by a heater (here, an auxiliary condenser) to reach state D. An experimental 
and simulation study under hot and humid conditions presented by Liang et al. [28] 
indicates that the rate of dehumidification and the cooling performance of the chiller 
system (enthalpy removal of the fresh air) of the integrated system are improved 
compared to the conventional vapour-compression chiller, respectively. A similar 
study showed that an energy saving potential of up to 30% of the integrated air-
conditioning system compared to the conventional system operating with 100% fresh 








Figure 1-3: Schematic of an air-conditioning system comprising a conventional 
vapour-compression chiller and a membrane unit for pre-cooling and pre-
dehumidification of 100% fresh ambient air (upper) [29]. (b) Psychrometric 
presentation of the air conditioning process. Process AB: dehumidification and 
cooling in the membrane unit, process BC: dehumidification and cooling in the 
conventional cooling system, process CD: reheating the cooled and dehumidified 
air, process DE: internal heat and moisture gain in the conditioned space, process 
EF: gaining latent and sensible loads from another air stream in process AB in 
the membrane unit. ADP is the apparatus dew point temperature at the cooling coil 
device. (The lines between the points in the chart show only the connectivity, not the 
process). 
Although such systems have already a considerable advantage with respect to 
electricity efficiency, a further reduction in electricity consumption of an air-
conditioning system for tropical climates is feasible if the handling of latent and 
sensible loads are decoupled, thus avoiding the use of the chiller as a means for 
dehumidification (at dew point temperature, 6-10ºC). This, however, requires an 
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additional system/component to reduce the excess humidity of state B to the humidity 
level of state D (see Figure 1-3), since even ideal membrane units cannot reduce the 
water content of the ambient air below the water content of the return air from the air-
conditioned space (humidity level of state E).  
A literature review to find a suitable sub-system(s) to be integrated with the 
membrane system for the additional humidity control in the dedicated outdoor air 
systems was carried out in this study. Among all dehumidification systems, desiccant 
dehumidification systems based on the sorption of water from air have been reported 
as a successful means in the separation of latent and sensible loads [25,30–33]. Solid 
desiccant and liquid desiccant materials play the main role in such systems. For 
regeneration (drying of the adsorber material after water adsorption) many of these 
materials can be operated by low-temperature heat sources such as solar thermal and 
waste heat [34–36]. However, state-of-the-art desiccant systems have the drawback 
that the released heat during the adsorption process increases the temperature of the 
dehumidified air as well as the temperature of the adsorber material, and thus 
decreases the adsorption capacity (water uptake ability) of the desiccant material [12]. 
The influence of increased temperature - due to the released adsorption heat - on 
the water uptake ability can be explained by Figure 1-4. The water uptake ability is a 
function of the water vapour pressure and the isotherm of the desiccant material. In 
this figure, the initial partial pressure related to the initial water content as given by 
the material isotherm is      ; and the driving force for the adsorption process is the 
difference between the partial vapour pressure of the process air (    ) and the partial 
pressure at the surface of the desiccant material (     ). As can be seen, if the water 
vapour pressure at the surface of the desiccant material increases, the water content 
corresponding to     decreases. At the certain water vapour pressure (e.g.      ), the 
water content corresponding to the cooled desiccant material is notably higher than 
the water content of the non-cooled desiccant material. The water content 
corresponding to       can be increased if the temperature of the material decreases 
further  This figure clearly indicates that the cooling of the sorptive material 
considerably enhances the desiccant's adsorption ability, which was examined by 
several researchers [12,37–41]. 
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Figure 1-4: Comparison between the adsorption performance (water uptake) of the 
adsorbent materials at different isotherm temperatures [37]. The isotherm temperature 
of cooled desiccant material is   , and    is the isotherm temperature if the material is 
not cooled. 
Ng et al. [38] and Finocchiaro [39] proposed water cooled (solid) desiccant 
dehumidification systems. In other research works, a cooling unit was installed after 
the desiccant dehumidification system (rotary desiccant wheel) as a separate unit in 
order to cool down the warm dehumidified supply air [42–44]. A novel Evaporatively 
Cooled Sorptive dehumidification system (called ECOS system) for the applications 
in tropical climates has been developed by SERIS in collaboration with Fraunhofer 
ISE on the basis of theoretical and experimental studies carried out by Henning et al. 
[12,40,41,45,46]. The ECOS system is featured by a combination of water adsorption 
from air and an evaporative cooling processes in a single dehumidification unit. The 
proposed ECOS system is described, modelled and analysed in this thesis. 
The current study analyses a novel ―two-stage dehumidification system‖ 
comprising membrane and evaporatively cooled sorptive dehumidification (ECOS) 
technologies towards the development of an electricity-efficient air-conditioning 
system as presented in Figure 1-5. The proposed air-conditioning system consists of 
the two-stage dehumidification and an efficient conventional cooling systems. In such 
a system, electricity is only used by a conventional cooling system and for air 
transport. In such a system, since cooling air below a suitable dew point is not 
necessary for dehumidification, the cooling unit can run at considerably higher 
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(evaporation) temperatures, thus consuming less electric energy. The analysed 
electricity-efficient air-conditioning system is characterized by the followings:  
I. Handling of sensible and the latent loads in separate processes,  
II. Pre-dehumidification and pre-cooling of the hot and humid air using a 
membrane unit,  
III. Additional dehumidification in order to meet the comfort criteria by an 
ECOS system in which adsorption and evaporative cooling processes 
occur concurrently in a single adsorption unit, 
IV. A solar/waste heat powered desiccant dehumidification system  
V. An electricity-efficient chiller unit operated at an increased 
temperature of chilled water (14-18 ºC) compared to a dew point 
temperature for necessary dehumidification (6-10 ºC, see Figure 1-2).  
VI. Electric energy is only used for air transport and sensible cooling (IV). 
As shown in Figure 1-5, in the first stage the humid and warm ambient air is pre-
dehumidified and pre-cooled by the membrane unit (process: 1 to 2). During the 
second stage of the dehumidification process in the solid desiccant system (process: 2 
to 3), the air is further dehumidified to reach the desired humidity level. The 
dehumidified air (state 3) is then cooled by a high-efficiency (standard) compression 
chiller and enters the conditioned space at state 4. The relatively dry and cool air 
(state 5) is used to drive the dehumidification and cooling processes in the membrane 
unit. Heated ambient air (state 7) is used for the regeneration (drying) of the adsorber 







Figure 1-5: Schematic diagram of the solar/waste heat assisted air-conditioning 
system for applications in tropical climates analysed in this study (a). MU stands for 
membrane unit and DU stands for desiccant unit. (b) Presentation of the operation 
processes of the investigated air-conditioning cycle in the psychometric chart (for the 
definition of the process steps see Figure 1-5(a) above). (The lines between the points 
in the chart show the connectivity only, not the process). 
To date, improvements of air-conditioning sub-systems such as membrane units, 
desiccant systems, heat recovery systems and advanced chiller systems, and 
integration of some of them, have offered novel solutions towards electricity saving 
air-conditioning systems [9,28,33,47–50]. However, an integration of a membrane-
based moisture and heat exchange unit, the developed novel ECOS system and an 
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electricity-efficient sensible cooling device has not yet been studied in detail for 
applications in the tropical climate. The principal advantage of such a system would 
be the substitution of electrical energy by heat energy (waste or solar), thus reducing 
the electricity consumption considerably. The system would be particularly suitable if 
a high fraction of fresh air is desirable. The focus of this thesis is to model, analyse 
and optimize such an electricity-efficient air-conditioning system that can satisfy both 
electricity saving and comfort conditions. The details and working principle of the 
proposed novel air-conditioning system are given in the following section. 
Furthermore, this thesis contains the experimental material characterisations of the 
desiccant and membrane materials in order to provide the key unknown material 
parameters for the simulation of the ECOS and membrane systems. Based on the 
principle design of operation (Figure 1-5) this thesis aims at employing systematic 
optimization approaches in order to find the optimal configuration of the complete 
complex system. For the reason that optimization processes depend on the stipulation 
of parameters in the goal (objective) function, a detailed sensitivity analysis is 
performed as a part of the overall analysis of the analyzed air-conditioning system. 
1.2.1 Description of the proposed electricity-efficient heat assisted air-
conditioning system 
Figure 1-6 presents a schematic diagram of the air-conditioning system under 
investigation. The proposed system is particularly designed to supply 100% fresh air 
for the occupants of a conditioned space. The proposed air-conditioning system 
consists of a membrane and an ECOS unit, a sensible cooling system consisting of a 
vapour compression chiller working at relatively high evaporation temperatures and a 
heat exchanger. The ECOS system includes two adsorption units (ECOS units) 
working alternatively in order to have a quasi-continuous dehumidification (see 
Chapter 3). The proposed air-conditioning system is mainly characterised by low-
grade heat energy for the dehumidification process and low electricity consumption 
for the sensible cooling process and the air transport.  
The operating processes of the novel air-conditioning system shown in Figure 1-6 
are as follows: 
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12: in the first stage, the humid and warm ambient air is pre-dehumidified 
and pre-cooled by a membrane unit, 
23: in the second stage, pre-dehumidified and pre-cooled air is further 
dehumidified in the ECOS unit in order to reach the desirable moisture 
content, 
34: the dehumidified air is then supplied to the chiller unit operating at an 
elevated evaporation temperature (14-18°C) to handle the remaining 
sensible load, 
45: internal latent and sensible heat gains in the conditioned space, 
56: latent and sensible loads from the humid and warm primary air are 
transferred to the return air in the membrane unit, 
67: evaporative cooling process to handle the released adsorption heat 
during the adsorption process in one of two ECOS units, 
89: regeneration process to desorb the water content of desiccant material in 







Figure 1-6: Schematic diagram of the heat and electricity driven air-conditioning 
system (a). MU stands for the membrane unit, ECOS system stands for the 
Evaporatively COoled Sorption dehumidification system, and HX stands for the heat 
exchanger unit. There is no mixture of air at the cross junctions. (b) Psychrometric 
presentation of the air conditioning process. (The lines between the points in the chart 
show the connectivity only, not the process). 
1.3 Research objectives 
The main purpose of this research work is to model and optimize a solar/waste heat 
assisted air-conditioning comprising a membrane unit, a novel solid desiccant 
dehumidification system (ECOS) and an electricity-efficient vapour compression 
chiller for applications in tropics. More specifically, the objectives of this research 
are: 
 Development of detailed mathematical models for the desiccant 
dehumidification system (ECOS), 
 Development of detailed mathematical models for a membrane based-
dehumidification system, 
 Numerical analyses of the two-stage dehumidification system (membrane 
and ECOS) including investigations on the effects of variations in the air 
flow design, 
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 Experimental material characterization of potential membrane and solid 
desiccant materials, 
 Optimization of a novel solar/waste heat assisted air-conditioning system 
for the applications in Singapore. 
The optimization analysis is based upon the stipulation of an objective function which 
is intended to qualitatively capture the investment and the operational cost of the 
system.  
The results of this study can make an impact on the development and design of 
electricity-efficient air-conditioning systems for practical applications in tropical 
climates. In addition, the models and theoretical results of the current research may be 
extended to other types of solid desiccant and membrane systems. 
1.4 Thesis chapter overview 
This thesis comprises 9 Chapters, as follows: 
In Chapter 1, the motivations of this study, research objectives and a thesis 
overview are presented. 
Chapter 2 presents the scientific background concerning the desiccant and 
membrane technologies, and the optimization techniques. Theories and sources for the 
necessary parameters for the mathematical modelling of the solid desiccant, the 
membrane and the evaporative cooling are also provided. 
In Chapter 3, the behaviour of the ECOS system is modelled by modelling of heat 
and mass transfer between the desiccant material, the humid air and the cooling air 
streams. Time-resolved mathematical simulations are considered necessary for the 
newly developed ECOS system, due to its non-stationary operation. Such time-
resolved models are not available in today’s commercial simulation packages. The 
conjugate heat and mass transfer modelling of the ECOS system consists of sorption 
kinetics, which is presented by Pseudo-Gas side (PGS) model. In this study, the 
experiments are performed to verify the necessary mass and heat transfer coefficients. 
The results of simulations are compared with those acquired experimentally from the 
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test-rig in SERIS. The impact of the mass transfer coefficient on the dehumidification 
performance of the ECOS system is also evaluated.  
In Chapter 4, the numerical model for the membrane-based mass and heat 
exchanger are developed on the basis of conjugate heat and mass transfer principles. 
The sorption and desorption processes and the sorption heat on the surfaces of the 
membrane due to the impregnated crystal salts are modelled using the solution-
diffusion model. In this study, intensive material characteristics were performed to 
find necessary key material parameters in the modelling of the system. The existing 
model in the commercial package TRNSYS describes the behaviour of the membrane 
unit using constant effective coefficients which in reality vary for non-stationary 
conditions. Therefore, a time-resolved numerical model is necessary to describe the 
membrane unit accurately. A comparison study between the simulation results and 
experimental results is performed. The dehumidification and cooling performances of 
the membrane unit corresponding to the material and design parameters are evaluated. 
This chapter also presents a design optimization of the counter-flow membrane 
system. 
Chapter 5 presents results of measurements of selected characteristic parameters of 
the desiccant adsorber and the membrane material. The main desiccant material 
parameters are the adsorption heat and the adsorption isotherm, whereas the water 
diffusion coefficient and the thermal conductivity are the main parameters of the 
membrane material. These measurements are considered important as their results 
provide necessary information for the simulation of the membrane and ECOS 
systems. 
In Chapter 6, the developed numerical MATLAB [51] models for the membrane 
and the ECOS units are linked applying the simulation environment TRNSYS 17.1 
[52]. The performance (dehumidification and thermal COP) of the installed two-stage 
dehumidification prototype in Singapore is evaluated for different operating 
conditions. Furthermore, several conceptual configurations for two-stage dehumidi-
fication systems are evaluated via simulation calculations. 
Chapter 7 provides the mathematical models of an air-cooled chiller defined on the 
basis of experimental data and a model of the conditioned space based on the 
TRNSYS library. 
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Chapter 8 presents a systematic optimization approach based on the numerical 
modelling of the complete electricity-efficient air-conditioning system. The objective 
function takes into account the investment and the operating costs of the system. The 
goal of the optimization is to roughly identify optimal designs and operating para-
meters for the air-conditioning system while the system operation guarantees the 
necessary comfort conditions in the conditioned space. Sensitivity analyses with 
respect to energy prices (heat and electricity), investment cost and material parameters 
are performed in order to evaluate the impact of these parameters on the decisions 
made by the optimization algorithm (Genetic algorithm [51]).  
Chapter 9 presents a review of the aims, specific objectives, results, and signifi-
cance of the study. 
Some of the results and materials provided in this study have already been 
published at international conferences and in peer-reviewed journals. A list of the 





2 LITRATURE REVIEW 
In this Chapter, the current research status of solid desiccant and membrane-based 
recovery technologies, low-grade heat sources and optimization strategies are 
reviewed (Section 2.1). Section 2.2 then presents the fundamentals and theories 
involved in physical modelling of the components of the proposed novel air-
conditioning system. 
2.1 Review of related technologies and strategies 
The following sections address solid desiccant and membrane technologies by 
earlier research works. The potential application of solar energy and waste heat 
resources towards developing electricity-efficient air-conditioning system is 
discussed. Finally, optimization strategies are reviewed. 
2.1.1 Desiccant dehumidification systems 
Desiccant dehumidification systems are a promising technology offering low 
environmental impact due to their ability to be operated by low-grade heat sources 
such as solar heat and waste heat [34,53,54]. In general, the desiccant systems are 
classified into liquid, solid and liquid-solid systems according to the applied types of 
desiccant materials. Application of each type of these systems depends on the 
required cooling capacity, the amount of available heat, climate conditions and the 
humidity content in the ambient air. Liquid desiccant materials are considered as a 
good choice because of their advantages including relatively low driving regeneration 
temperature and relatively high dehumidification capacity [55]. However, solid 
desiccant materials have been widely used in dehumidification systems for the 
residential and small commercial buildings due to their advantages including low 
maintenance cost and low corrosion [56,57].  
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At the present, a rotary design of desiccant systems is the most commercial type of 
solid desiccant devices in dehumidification applications [58]. This kind of system is 
often featured by low-maintenance costs, relatively low electricity consumption and 
ability to be powered by low-grade heat sources. Despite the aforementioned 
advantages, these systems have the drawback that the heat being released during the 
water adsorption process increases the temperature of the desiccant material (and that 
of the dehumidified air) and thus decreases the adsorption capacity of the desiccant 
material [59–61]. As shown in Figure 2-1, a solution like installation of an 
evaporative cooling unit after desiccant air dehumidification systems has been 
proposed in order to cool down the heated dehumidified air [42,43]. However, in such 
approaches, the dehumidification and evaporative cooling systems act separately. 
Thus, the adsorption efficiency of the desiccant material is still low due to the high 
desiccant bed temperature.  
 
Figure 2-1: Scheme of a heat exchanger used for an indirect evaporative cooling 
process in order to cool down the warm dehumidified air (primary air) after an 
adsorption process [43]. Sprayed water droplets cool the secondary air by means of an 
evaporation process. The cooled secondary air flows through the heat exchanger and 
cools the warm primary air stream. Thermally conductive plates separate the primary 
and secondary air streams. 
Application of a desiccant-coated fin-tube heat exchanger (DCHX) has been 
proposed by some researchers [13,38,62,63]. The water flow in the tubes handles the 
released adsorption heat in the desiccant bed (Figure 2-2). However, the main concern 
about this kind of device is the pressure drop in the desiccant bed [63]. Additionally, 
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Figure 2-2: Schematic diagram a water-cooled desiccant dehumidiﬁer system [38,63]. 
Löffler and Henning [40] proposed an evaporatively cooled sorptive dehumidi-
fication unit in which adsorption and indirect evaporative cooling processes take place 
concurrently. This solid desiccant dehumidification unit is named ECOS unit. Similar 
to the desiccant cooled fin tubes heat exchanger (DCHX), the ECOS unit is featured 
by concurrent handling of latent and sensible loads. However, the dehumidification 
and the cooling efficiencies may be increased compared to the DCHX systems due to 
the relative low temperature (wet bulb temperature) of the secondary air stream. 
Additionally, external devices like a cooling tower are not required in the ECOS unit. 
Experimental analyses in two different climate zones (Freiburg, Germany and 
Singapore) proved that the indirect evaporative cooling not only compensates the 
adsorption heat but also reduces the temperature of the dehumidified air [12,45]. 
Desiccant materials - Ülkü and Mobedi compared the properties of several types 
of adsorbents such as zeolite, charcoal, active alumina and silica gel in reaction with 
water as an adsorbate substance (see Table 2-1) [64]. The comparison clearly 
indicates that the zeolite material for dehumidification purpose is not a proper 
candidate compared to charcoal and silica gel due to relatively low maximum water 
uptake, relatively high adsorption heat and high regeneration temperature. Among the 
listed adsorbate-adsorbent material, the silica gel can be a suitable candidate for 
desiccant dehumidification systems. A significant improvement of dehumidification 
performance, up to 70%, was achieved by application of silica gel material compared 
to zeolite material in a solid desiccant dehumidification system with the regeneration 
temperature of     [65]. 
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0.22 4400 1.05 1250 30–350 
0.22 4180 1.05 1200 30–350 
0.30 4400 0.92 1290 30–350 
0.12 3000 1.11 480 20–240 
0.11 4000  419 30–250 
0.17 3000 1.08 700 30–250 
Water-charcoal 0.40 2320 1.09 1200 30–250 
Water-activated 
alumina 
0.19 2480 1.00 660 30–250 
Water-silica gel 0.37 2560 0.88 1000 30–150 
 
Integration of systems – Studies show that integrating the desiccant 
dehumidification system with a conventional HVAC system can save electricity of up 
to 50% compared to conventional systems in hot and humid climates like the tropics, 
Hong Kong and Mediterranean countries [66,67]. A combination the desiccant 
dehumidification wheel and an indirect evaporative cooling unit has been proposed 
and analysed [43,44,68–70]. This system accommodates the latent load by the 
desiccant wheel while the indirect evaporative cooling unit treats a portion of sensible 
load. Additionally, Zhang et al. proposed a combination of the desiccant dehumidi-
fication wheel and chilled ceiling system [71]. The proposed integrated air-
conditioning system saves up to 40% of primary energy compared to the conventional 
compression chiller under South-east China climate conditions. J.L. Niu et al. [72] 
applied similar concept under Hong Kong climate conditions. They proved that the 
combination of a solar assisted desiccant system and a chilled ceiling cooling system 
can save up to 45% of energy. 
Theoretical models – Finding a reasonably accurate mass transfer coefficient 
remains a challenge for the mathematical modelling of the desiccant systems. Two 
types of methodology including ―solid-side‖ and ―gas-side‖ approaches have been 
proposed in order to model the adsorption process in desiccant materials. The former 
has been widely used due to a simple mass transfer coefficient, whereas, the latter is 
more accurate. Studies [73–75] revealed that the solid-side approach provides insights 
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to study mass transfer mechanisms of water vapour in the solid materials. However, 
this model is relatively complex and extensive experiments are required to acquire 
accurate properties of porous materials, such as diffusion coefficients, porosity, 
tortuosity and pore size. In contrast, the gas-side approach based on an effective mass 
transfer coefficient was intensively applied by Pesaran et al. [76] and Barlow [77] to 
model the adsorption and desorption process in a solid desiccant bed. However, the 
gas-side model is limited to only a few types of desiccant materials, like silica gel and 
zeolite. The detailed literature reviews and the mathematical models for the 
mechanisms of mass and heat transfer in the desiccant material (e.g. silica gel) are 
presented in Sections 2.2.2 and 2.2.3. 
2.1.2 Membrane-based mass and heat exchange unit 
Recently, membrane technologies have been extensively used in air-conditioning 
systems in order to recover both sensible and latent heat using minimum electricity 
consumption [78–80]. Integration of the membrane unit and the conventional 
compression cooling system has been proposed by several studies [81–83]. It was 
reported that the coefficient of electric performance (COP) of the conventional air-
conditioning system is improved significantly when a membrane unit is applied [83]. 
Integration of the membrane unit and adsorption chiller unit has been proposed by Ge 
et al. [84,85]. The system was evaluated under hot and humid climate conditions in 
Hong Kong, and a saving of 40% of energy for the dehumidification process was 
reported. 
Permeable materials such as some polymers, paper, cloth and ceramics have been 
used as the membrane material in membrane systems [86]. Membrane materials are 
generally categorized into hydrophilic and hydrophobic materials. The hydrophilic 
materials such as celluloid, cellulose acetate (CA), poly-vinyl alcohol (PVA), ethyl 
cellulose (EC) and polyimide (PI) are often more beneficial for permeation of water 
vapour in air-to-air dehumidification system. The modified hydrophilic-hydrophobic 
composite membrane material such as PVA-PVDF (hydrophilic polyvinylidene 
fluoride as a hydrophobic material) can be fabricated for improving the dehumidi-
fication performance [87].  
Similar to the desiccant material, finding the mass diffusion coefficient of the 
membrane materials is a main issue in modelling of the membrane system. The micro 
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analysis of the membrane material is the most accurate, yet complex approach to 
define the coefficients and requires accurate measurements of properties of porous 
materials such as porosity, tortuosity and pore size [88]. The experimental approaches 
have been introduced to provide the coefficient values in a simple approach [89–91]. 
M. Jingchun et al. [78] used a water vessel with an air gap between the water surface 
and membrane sheet. The acquired coefficients were applied in simulation and later 
the dehumidification performance of the membrane was validated by experimental 
data. Additionally, Zhang et al. [92] applied laboratory emission cell (FLEC) device 
to define the effectiveness coefficients of the membrane sheet. In contrast to previous 
experimental methods, they used a circular camber in which the air flows from the 
side to the centre. The ASTM E96 upright cup method was found very simple and 
reliable for measuring the water vapour transfer rate (WVTR) and the effective 
diffusion coefficients [93]. The method is discussed later in Section 5.1. 
2.1.3 Solar and waste heat sources for desiccant systems 
The liquid and solid desiccant systems need to be integrated with the heat sources. 
Heat with relatively high temperature (e.g. 60-90 °C) is used for desorption of water 
in desiccant materials. Conventional systems have applied oil and gas burners to 
provide heat energy which has been one of the main sources of pollution. Therefore, it 
is necessary to reduce the use of fossil fuels and increasingly use renewable energies. 
Recently, interests to apply the solar and waste heat energies to run the desiccant 
system has been increasing [38,94,95]. Additionally, low regeneration temperature 
(60-90 ºC) is a good reason to apply the low-grade heat sources such as solar energy 
and waste heat [96] 
Application of solar energy sources has been suggested in tropical regions like 
Singapore because demand for cooling coincides with the solar radiation (see Figure 
2-3). Recently, a literature review [97] presented a detailed comparison of the 
available solar assisted desiccant cooling system-based electric and thermal 
technologies. The study of the widely applied systems clearly indicates that the 
application of solar assisted system is an innovative and promising solution for 
lowering the peak of electricity consumption caused by vapour compression systems, 
especially in hot and humid climate conditions. However, the investment cost may be 
relatively high compared to the conventional cooling systems [97,98]. 
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Figure 2-3: Measured Singapore ambient air temperature and solar irradiation on 1
st
 of 
January 2011 (provided by SERIS). 
As seen in Figure 2-3, the solar radiation is dynamic and fluctuates by time which 
may provide unstable heat to the system. Therefore, thermal energy storages are 
necessary to provide a stable heat energy source over 24 hours. Figure 2-4 depicts a 
solar thermal system including solar collectors and hot water storages in order to 
supply required hot water with the range of 60˚C to 80˚C for the regeneration of 
desiccant materials used in the ECOS system. Figure 2-5 illustrates a block diagram 
of the solar thermal system integrated with a desiccant dehumidifier. 
  
(a) (b) 
Figure 2-4: Evacuated tube solar collector with an area of      installed on the roof 




Figure 2-5: Block diagram of the solar thermal system integrated with a desiccant 
dehumidifier installed at the SERIS laboratory [99].  
In addition to the solar energy source, the waste heat is a potential alternative heat 
energy to power desiccant systems [3,100]. The idea is to recover discarded heat from 
a power plant in an industrial scale and to recover heat from the cooling units 
(chiller). The recovery systems not only make use of waste energy but also do not use 
the primary energy directly; thus, their environment impact is minimum [101,102].  
2.1.4 Evolutionary strategies for overall optimization of systems 
Development of an electricity-efficient air-conditioning system is necessary, yet is 
not enough. In order to satisfy requirements for the energy saving and comfort 
conditions, a comprehensive optimization of system is recommended. Therefore, an 
individual system should be optimally designed and its operating conditions should be 
optimized accordingly for a specific application and a climate zone. Experience, trial-
and-error and parametric analyses may provide some preliminary, yet inaccurate, 
information about the optimal design and performance of system. However, 
comprehensive optimization strategies can lead designers to alternatives without the 
limitations imposed by predefined decisions [103,104]. 
Physical models for integration of an air-conditioning system and buildings are 
often very complex and nonlinear which results in complexity of optimization process 
[105]. Ralph Evins [106] intensively reviewed the applications of the optimization 
strategies in HVAC (heating, ventilation, and air conditioning) and building 
24 
applications. Several optimization strategies were compared on the basis of two main 
factors such as complexity and real world applications. Among all computational 
optimization strategies, the evolutionary optimization approaches are the most 
dominant methods to handle the criteria. Applications of the evolutionary 
optimization approaches in the optimization process of air-conditioning systems and 
buildings have been reported by former studies [107–114]. 
Genetic Algorithm (GA) as one of the evolutionary optimization approaches has 
been proved to be very efficient even for highly complex and nonlinear problems. 
Compared to the other evolutionary methods like particle swarm optimization (PSO), 
pattern search (PS) and the genetic algorithm often requires little knowledge about the 
system’s objective function, and it can be extended to multi-objective functions. A 
simple genetic algorithm operates based on a finite population of fixed-length binary 
strings called genes. Genetic algorithms possess three basic operations: reproduction, 
cross over and mutation [115]. Genetic algorithm has been successfully applied in 
different building applications such as building design [116], absorption chiller 
systems [105], energy and comfort satisfactions [103] and energy management and 
construction materials [104].  
2.2 Theories 
This section provides the fundamental theories from previous studies to describe 
the physical principles of heat and mass transfer mechanisms in the ECOS and 
membrane systems. 
2.2.1 Adsorption fundamentals 
Adsorption refers to a surface phenomenon at the interface of two phases (here 
gas-solid) in which the molecules of the surrounding gas mixture are attached to the 
surface of the solid [117,118]. Figure 2-6 presents the adsorption mechanism between 
molecules of the gas mixture and an adsorbent. Because of the adsorption process, a 
thin liquid film of attached water vapour molecules on the pore surface is created. The 
created thin film and the solid substance are called adsorbate and adsorbent, 
respectively. Adsorption can be regarded as a phase transition from the water in gas 
phase into the absorbed phase. During the adsorption process, the adsorption energy - 
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in the form of heat, is released inside the desiccant particles and is transferred to the 
surface of the desiccant particle by conductive heat transfer and then to the bulk air by 
convective heat transfer [119]. The amount of released adsorption heat depends on the 
binding energy between the adsorbate and adsorbent molecules and the latent heat of 
condensation/vaporization [120,121].  
 
Figure 2-6: Adsorption between the molecules of the surrounding gas mixture (moist 
air) and the adsorbent (desiccant material) [122]. 
The adsorption process is characterized by the adsorbent properties including 
effective surface of area, pore size and structure, size of pellets or granules in the 
desiccant powder, adsorption isotherm, thermodynamic conditions and concentration 
gradient [121]. Figure 2-7 presents three main diffusion mechanisms in a porous 
medium. Surface diffusion is a dominant diffusion process in the microporous 
structure due to large surface area compared to pores’ volume and so large interaction 
between the adsorbate molecules and the pore wall. Knudsen diffusion is another type 
of diffusion mechanism, which is dominant if the chance of collision between the 
diffusing molecules is more than the diffusing molecules and pore walls [37]. The 
third possible diffusion mechanism is bulk diffusion, which often takes place in 
macroporous adsorbents. This mechanism is dominant if diffusing molecules collide 
with each other more frequently than the collisions between the diffusing molecules 
and the pore walls. 
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Figure 2-7: Schematic of the diffusion mechanisms in different pore sizes. The pore 
size reduces from top of the figure to the bottom. The driving force for transport is the 
relative pressure difference between the feed and the permeate [123]. 
2.2.1.1 Adsorption isotherm 
The adsorption mechanism between the desiccant material and the water molecules 
is generally characterized by isotherms, isosteres and isobares under equilibrium 
conditions (see Figure 2-8). In particular, adsorption isotherms are well suited for the 
design of technical adsorption processes [118,120].  
 
Figure 2-8: Schematic of different equilibrium presentations for the adsorbent-
adsorptive system [124,125].    is the specific amount of adsorbed water relative to 
the filled pore volume. 
The adsorption isotherm refers to the water loading of the adsorption material as a 
function of the water vapour pressure and the equilibrium temperature of moist air in 
contact with the adsorbent [37]. 
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2.2.1.2  Classification of isotherms 
The International Union of Pure and Applied Chemistry (IUPAC) recommended 
three main clasifications of pore-sizes given in Table 2-2. Addionally, IUPAC has 
introduced six adsorption isotherms which are presented in Figure 2-9. Type I 
isotherm is generally valid for microporous adsorbents having relatively tiny pores 
compared to adsorbate molecules in which monolayer adsorption takes place. The 
materials such as activated carbons, molecular sieve zeolites and certain types of 
silica gels are in this category [126]. Type II is given for the adsorbent with wide 
range of pore sizes, with either mono- or multi-molecular adsorption layers (benzene 
vapour onto graphitised carbon) [94].  
Type III is an uncommon type of isotherm. This associated mechanism is very 
slow and occures in materials with weak adsorbate-adsorbent interactions This 
mechanism is often realized by capillary condensation under high relative pressure 
[94]. Examples are the water-vapour adsorption in pure-nonprous carbon and in 
hydrophobic material or Bromine in the silica gel. Type IV is a common isotherm 
type for adsorbent with mesopores and macropores in which the capillary 
condensation occurs in the ink-bottle pores. Therefore, a hysteresis occures during the 
desorption when the adsorbate is difficult to be disticted from pores in high relative 
pressure. Most of the industrial adsorbents (mesoporous alumina and silica gel) are 
charactrized by the type IV isotherm [126]. Type V isotherm like Type III is 
associated with mesoporous structure and weak adsorbate-adsorbent interations such 
as water on charcoal [127]. Types VI occurs in the microstructure adsorbent materials 
with multi-layer adsorption mechanism [126,128].  
Table 2-2: IUPAC classification of pore sizes for molecular adsorber [126] 
Type of pore Pore size (Å) 
Micropore up to     
Mesopore    to     




Figure 2-9: The IUPAC classification of adsorption isotherm [126] (arbitrary scales). 
The hysteresis in the types IV and V refers to the adsorption process (lower line) and 
the desorption process (upper line).   it the specific amount of adsorbed water. 
2.2.1.3 Heat of adsorption (Dubinin approach) 
The process of the adsorption is often accompanied with the released adsorption 
heat. The Dubinin model has been widely employed in analyses of the thermo-
dynamic equilibrium of adsorbents and adsorbate [129]. The main concept of the 
Dubinin theory is to reduce the three-dimensional isosteric field (    (   ); Figure 
2-8) into a two-dimensional description (      (  )) with only one degree of 
freedom [130]. 
The Dubinin’s theory is featured by the adsorption potential (    ). The adsorption 
potential is related to the reversible isothermal exchange of the adsorbate between the 
bulk fluid and the adsorbent [41,130]. The adsorption potential is estimated by the 
negative molar Gibbs free energy that is calculated in following equation 
[41,129,130]. 
              




where   is the water vapor pressure and      is the saturation pressure of the fluid 
at the equilibrium temperature.    is the specific gas constant of the working fluid. In 
the adsorption process, if the pressure and the temperature vary dependently, the 
variation of the specific volume of the adsorbate (  ) depends on the variation of 
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adsorption potential (    ), but independent of the temperature (see Eq. (2-2)). 
Therefore, an isosteric process is assumed for the adsorption process which is a key 
assumption in the Dubinin’s theory [129,131]. 
         (    )      (  ) (2-2) 
The relation between the adsorption potential (    ) and the specific volume of the 
adsorbate (  ), presented in Eq. (2-2), is called the ―characteristic curve‖ of 
adsorption. The characteristic curve is essentially useful in the adsorption analyses. 
The value of the    can be determined experimentally using thermogravimetric 
measurements through the adsorbate relative pressure (p), the adsorbate temperature 
and the mass of the adsorbed fluid (     ) (see Eq. (2-3)).  
   
     
          
 
  
     ( )
 
(2-3) 
where,    is the specific microporous volume,       is the adsorbed mass,       
is the adsorbent mass,       is the density of the adsorbate which depends on the 
temperature and    it the specific water content. It is not possible to measure the 
density of the adsorbate experimentally through adsorption measurements. Therefore, 
the density of the liquid adsorbate at the same temperature is assumed for the 
adsorbate density. However, since the adsorbate is compressed as a result of 
adsorbate/adsorbent interactions, this assumption may underestimate the real density 
of adsorbate [129]. 
Figure 2-10 presents a mapping of measured data (three variables (        )) 
which are dependent on each other to the characteristic curve which is a function of    
and      only. 
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Figure 2-10: Analysis of measured adsorption data (left curve) applying the theory of 
Dubinin. The measured data (     (  )      ) are mapped into the characteristic 
curve (  (    )). The characteristic curve (  (    )) can be acquired by fitting one of 
proposed functions by Dubinin’s research group to the mapped data points (see 
Chapter 5) [129,130]. 
2.2.2 Mass transfer principles between moist air and adsorbent material: 
Pseudo-Gas-Side (PGS) model 
The adsorption and desorption processes in the adsorbent materials involves a 
conjugate mass and heat transfer between the adsorbent media and its surrounding 
moist air. The heat and mass transfer processes are controlled by gas-side resistances 
(external resistances) and solid-side resistances (internal resistances). The detailed 
descriptions of these two mechanisms are discussed by Suzuki [121]. External mass 
transfer occurs at the surface of the adsorbent material due to the relative pressure 
difference of water vapour between the gas phase and the surface of the adsorbent. 
The external mass transfer mechanism depends on the convective mass transfer 
resistance. The internal mass transfer depends on three types of diffusion mechanisms 
including bulk diffusion, Knudsen diffusion and surface diffusions (in the pores of the 
material presented Table 2-2). 
The adsorption process can be accurately modelled using an approach called 
―solid-side model‖. This model is developed on the basis of the gas-side (external) 
and solid-side (internal) mass transfer resistances (see Figure 2-11). Finding a reason-
able accurate gas-side resistance -    (convective mass transfer coefficient) is 
possible using some dimensionless parameters including the Sherwood number (  ), 
the Reynolds number (  ) and the Schmidt number (  ). However, finding an 
accurate value for the solid-side resistance -    is a challenge. It is because the 
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accuracy of the solid-side resistance highly depends on the bulk, Knudsen and surface 
diffusions which often require intensive experiments to find material properties such 
as pore size, tortuosity, porosity and type of material which may not be accurate 
[37,77].  
 
Figure 2-11: Schematic of mass resistances in the solid-side model. In the solid-side 
model, the solid-side resistance (  ) in the desiccant particle and the gas-side 
resistance (  ) in the boundary layer are dependent on the diffusion coefficient and 
convective mass transfer coefficient, respectively. 
Intensive research studies have been carried out to analyse the mechanism of the 
mass transfer between the moist air and the adsorbent in using a simplified approach 
[12,37,76,77,132–135]. They have proposed a model called Pseudo-Gas-Side (PGS) 
model. Whereby, the mass flux between the surrounding air and adsorbent is 
controlled by one empirical effective mass transfer coefficient called Pseudo-gas-side 
coefficient which stands for both gas-side and solid diffusional mass transfer (see 
Figure 2-12). 
 
Figure 2-12: Schematic of mass resistance in the pseudo-gas-side model. In this 
model, the effective pseudo gas resistance (      ) stands for both internal diffusion 
resistance and external resistance.  
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 The state-of-the-art of this model has a drawback as it is limited to few numbers of 
combinations of adsorbate-adsorbent. In the PGS model, the solid-side mass 
resistance (  ) is not ignored but its value is reflected in a single effective mass 
resistance in gas-phase side (      ) [12,76]. As a result, the concentration gradient 
inside the solid is assumed to be zero (see Figure 2-13). Additionally, the concen-
tration of the adsorbed phase (water content-  ) is linearly proportional to the differ-
ence between the water-vapour concentration of the moist air (  ) and the 
equilibrium water-concentration of desiccant material on the hypothetical 
surface (   ). Therefore, it can be presented in the following equation [76]. 
    
   
  
       (      ) 
(2-4) 
where    and    denote the thickness of desiccant material and the density of the 
material. and        is the effective mass transfer resistance.  
 
Figure 2-13: Schematic representation of the water vapour concentration profile in the 
process air and the slab of desiccant material under the assumptions of the PGS 
model.  
The effective mass transfer resistance is called pseudo-gas-side resistance (PGSR). 
Pesaran [76,136] gave an empirical formula for the effective mass transfer coefficient 
(Eq. (2-4)). Xing, Pesaran and Barlow [37,77,137] found a good agreement between 
simulation results using the PGS model and experimental data for both microporous 
silica (RD) and mesoporous silica gel (ID). Previous research works by [12,138] also 
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showed a reasonable agreement between simulation results (based on the PSG model) 
and experiments which confirms that PGS model is suitable for modelling the mass 
transport in microporous silica gel type (123B). The assumptions and the Pseudo-gas-
side (PGS) model are discussed further in Chapter 3. 
           
   (2-5) 
where      is the effective mass transfer coefficient in (   
  ⁄ ),   is the gas 
density in (    ⁄ ),   is the gas velocity in (  ⁄ ),    and    are coefficients which 
are derived from experimental analysis. The values such as       and       are 
derived for    and   , respectively [76]. The values were obtained by Hougen and 
Marshall [139] on the basis of the experiments done by Ahlberg [140] and validated 
by several researchers [76,134,141,142]. 
2.2.3 Heat transfer principle and Heat transfer Biot number 
In principal, the heat transfer mechanism is regarded as a combination of a convec-
tive heat transfer between gas and solid phase, and a conductive heat transfer inside 
the solid. Therefore, only two values for convective ( ) and conductive (  ) heat 
transfer coefficients are required to model the heat transfer mechanism. In order to 
determine the dominant heat transport mechanism, the heat transfer Biot number (    
- Eq. (2-5)) is used by which the internal heat transfer resistance is compared to the 
external resistance [143]. A low value of Biot number implies that the conductive heat 
transfer resistance can be neglected compared to the convective resistance in the gas 
phase. Under this condition, the lumped capacitance model’s criteria according to 
which the spatial temperature distribution in the solid is assumed to be uniform, is 
satisfied [143,144]. 
    




where   is the convective heat transfer coefficient in (    ⁄ ),    is the thick-
ness of adsorbent material and    is conductive heat transfer coefficient in (    ⁄ ).  
Calculating the Biot number for adsorbent bed’s properties (silica gel 123B) 
carried out by Bongs [41] has proven that the conductive resistance in the solid-phase 
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can be neglected compared to the convective resistance. Therefore, a single 
convective heat transfer coefficient ( ) is applied to model the heat transfer 
mechanism between the moist air and the adsorbent material. 
Several methods have been proposed to calculate the convective heat transfer 
coefficient ( ). In some studies it is calculated using the Nusselt number and the 
Reynolds number [145–147]. Additionally, similar to the effective mass transfer 
coefficient in PGS model, the empirical equation for the convective heat transfer 
between the fluid flow and adsorbent bed were developed by Hougen and Marshall 
[139], and validated by other studies [56,75,132]. 
         
   (2-7) 
where   is the convective heat transfer coefficient in (    ⁄ ),   is the gas 
density in (    ⁄ ),   is the gas velocity in (  ⁄ ),   is the heat capacity of gas in 
(     ⁄ ), and    and    are the coefficients which are derived by experimental 
analysis as       and      , respectively [76]. 
2.2.4 Fluid transfer in porous membrane materials 
Recently, the membrane technology has received intensive attention as promising 
materials for separation processes compared to other conventional separation 
technologies such as adsorption, absorption, distillation and condensation 
technologies due to its simplicity and relatively low energy consumption [148,149]. 
The separation mechanism through the membrane porous materials is a selective 
transport of one/some types of species over the other types of species. The driving 
forces for the transport mechanism are generally pressure, concentration, temperature 
or voltage gradient across the porous materials [150,151]. Membrane materials are 
widely used in industries e.g. for gas separation, air dehumidification, production of 
oxygen-enriched air, waste water purification and desalination of sea water [150]. 
The porous membrane materials consist of tiny pores (nano- to macropores). The 
size and the chemistry of the pores are the dominant factors influencing the rate of 
permeation of species through the pores [152]. The ―pore-flow‖ and the ―solution-
diffusion‖ models are two models to describe the transport mechanism. In the pore-
flow model, the transport mechanism is driven by a pressure gradient through the 
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membrane, while the concentration is constant. In contrast, the solution-diffusion 
model is characterized by a smooth gradient in the concentration, whereas, the 
pressure is constant across the media [153]. In general, the solution-diffusion model 
(SDM) is applied to model the water vapour transfer mechanism through a dense 
hydrophilic membrane [153]. Based on this approach, in the first step, the water 
vapour molecules are ad-/absorbed on the surface of the membrane in the high 
concentration side. Afterwards, the water molecules diffuse through the membrane 
due to a concentration difference. Finally, the water molecules desorb from the 
surface of membrane in the low concentration air [154]. 
Since the applied membrane material in the current study is a dense membrane 
impregnated with soluble salt, the mass transfer mechanism is limited to the solution-
diffusion approach. The solution-diffusion model is extensively described by Baker 
[148,149,153]. This model is an extension of Fick’s law. This model explains how the 
flux through the porous material (e.g. membrane layer) depends on the gradient 
concentration in the media.  





where,   is the gas permeation flux through the media (      ⁄ ),   is the 
diffusion coefficient (   ⁄ ),     ⁄  is the driving force and   is the concentration of 
the permeant (    ⁄ ). For a membrane with the thickness of  , Fick’s law is 
simplified as [155]: 
     




where,    and    are concentrations of component at the feed and the permeate 
sides of the media.  
Finding an accurate diffusion coefficient for a permeant in a porous media is often 
a challenge for researchers. A mathematical approach has been proposed to calculate 
the diffusion coefficient based on diffusion coefficients for involved diffusion 
mechanisms such as Knudsen and surface mechanisms [72,76,134,156]. However, the 
accuracy of the diffusion coefficient may not be reliable if the properties of the 
material such as pore size, tortuosity, and molecular weight are not properly 
36 
measured. In contrast, inexpensive and simple experimental approaches such as 
upright cup method (ASTM E96) have been proposed for some of the porous media 
materials like membrane layer [154]. These experimental approaches are able to 
measure the mass diffusion coefficient on the basis of measured water permeability 
through the thickness membrane.  
2.2.4.1 Properties of the porous membrane material 
The fluid transfer in a membrane material is often influenced by physical 
properties of the porous media such as pore size, porosity and tortuosity, chemical 
surface properties such as hydrophilicity and hydrophobicity, and the operating con-
ditions (pressure and temperature) [157]. The following sections describe the above-
mentioned material properties and their role to justify fluid transport in the media.  
 Porosity 
The porosity is an eminent property of a porous material. It is defined as the ratio 
of the empty volume in the material (voids volume) over the total volume of the 
material. It has a value between zero and one. The mechanism of fluid transport in the 
porous media is relatively fast if the porosity of the material is high and close to its 
maximum value (one). 
 Pore size 
The pore size significantly influences the fluid transfer and especially the 
selectivity of one substance over other substances for permeation. Measurement of 
pore-size distribution has been applied as a reliable method to measure the pore size 
[158]. The approaches such as Dollimore and Heal (DH) method [159] and the 
Barrett-Joyner-Halenda (BJH) method have been conventionally used to drive the 
pore-size distribution.  
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 Hydrophilic and hydrophobic porous media 
Hydrophilicity and hydrophobicity are often used as descriptors of substrates’ 
surfaces. A surface of a material is hydrophilic if its molecules tend to interact with or 
to be dissolved by water molecules and other polar substances.  
Hydrophobic molecules are non-polar that interact with other neutral molecules 
and non-polar solvents. This type of material is often used to separate non-polar 
molecules from water molecules [160]. Separation of oils and fats from water is an 
application of hydrophilic materials in filtration industries. Although hydrophilic 
materials have little or no affinity for water molecules, they have been intensively 
applied in separation of water vapour from moist air in air-dehumidification systems 
[161]. The pore size and the water selectivity play important roles in these types of 
material [161,162].  
 Contact angle 
The hydrophilicity and the hydrophobicity are relative and qualitative terms. These 
properties are quantitatively measured by an angle of a liquid droplet on surface of a 
solid media, and are compared with pre-defined standards (see Figure 2-14). The 
shape of droplet at the interface with the solid surface and thus the contact angle are 
influenced by cohesive forces between the liquid molecules and adhesive forces 
between solid-liquid molecules at the interface. If the liquid is spread on the solid 
surface and the contact angle is less than 10°, the material is designated as super 
hydrophilic. It is because, the adhesive forces are relatively high compared to inter-
molecule forces in the liquid [163]. The material is called hydrophilic if the contact 
angle is between 30° and 90°. The contact angle between 90° and 120° represents the 
hydrophobic materials [164,165]. 
 
Figure 2-14: Schematic of a liquid droplet on a surface of a solid substrate and its 
contact angle. 
38 
2.2.5 Evaporative cooling process 
Evaporative cooling systems have been successfully applied in conventional 
sensible cooling systems, especially in dry climate conditions. This technology has 
attracted attention due to the relative low investment cost and simple maintenance. 
The cooling medium in this type of system is often water which is the most 
environment-friendly cooling substance compared to refrigerants in compression 
chiller systems. However, high consumption of water in some types of evaporative 
cooling system is of concern for users. 
 Evaporative cooling systems are categorized into two types: direct and indirect 
systems [55]. Figure 2-15 presents the schematic of direct and indirect evaporative 
cooling systems. In a direct evaporative system (DEC), the water is in direct contact 
with the process air. The direct evaporative cooling process is based on the conversion 
of the process air’s sensible load to its latent load by adiabatic evaporation of water. 
As presented in Figure 2-16, the temperature of the process air is reduced due to the 
evaporation of water, and the humidity of the air increases concurrently. The 
temperature of the process air may reach the wet-bulb temperature
1
, if the evaporation 





Figure 2-15: Schematics of a direct evaporative cooling system (DEC) (a), and an 
indirect evaporative cooling system (IEC) (b) . In an IEC system, there is no mass 
transport between the process and cooling air streams [167]. 
                                                 
1
 Wet-bulb temperature: the lowest temperature of air that a parcel of air can achieve by an 
adiabatic evaporation process to the saturation condition (100% relative humidity). 
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Figure 2-16: The process air conditions in a direct evaporative cooling process [167]. 
Values are examples of air states in the evaporative cooling unit. 
Henning [168] categorized five different types of humidifiers for direct evaporative 
cooling processes. Comparison of these types is given in Table 2-3. The comparison 
shows that the curtain of fine sprayed water, high-pressure atomizing nozzle and the 
ultrasonic dehumidifier provide the highest evaporation efficiency.  
















































65-90 100 95-100 75-95 85-90 
Water pressure 
(bar) 
1-10 up to 3 30-180 1-10 7 
Saturation no possible yes Yes No 
Degree of 
maintenance 
medium high high moderate moderate 
Specific electric 
power in W per 
kg/h 
5 10 6-15 1-5 N.A. 
 
The indirect evaporative cooling system (IEC) is also accompanied with the 
evaporation process. However, the process air stream is cooled indirectly by a second 
air stream (called cooling air) which is separated from process air by a thin conductive 
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plate (e.g. aluminium plates). The conditions of the cooling air and the process air in 
an indirect evaporative cooling system are shown in Figure 2-17. As illustrated in 
Figure 2-15 and Figure 2-17, the unsaturated cooling air stream is cooled and humidi-
fied due to the evaporation process. The heat from the process air is transferred 
through convective and conductive heat transports to the cooled cooling air. 
Compared to the direct cooling system, the humidity content of the process air does 
not rise. 
The performance of the indirect evaporative cooling unit (IEC) can be expressed 
by the cooling effectiveness, as follows: 
     
            
            
 
(2-10) 
The cooling effectiveness of the indirect evaporative cooling system is relatively 
low - approximately 0.4-0.6 [169]. Investigations have been carried out to improve 
the above-mentioned conventional evaporative systems. The hybrid direct and indirect 
evaporative cooling systems are the simplest form of an improved system. A heat 
exchanger based Maisotsenko-cycle (M-cycle) has been proposed for a dew-point
2
 
indirect evaporative cooling process [169,170].  
 
 
Figure 2-17: Cooling air (right, orange) and process air (left, green) conditions in an 
indirect evaporative cooling system [167]. Values are examples of air states in the 
indirect evaporative cooling unit. 
                                                 
2
 Dew-point temperature is the temperature to which a volume of air should be cooled to reach the 
saturation condition (100% relative humidity) if no evaporation process takes place. 
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2.2.5.1 Mathematical modelling of the evaporative cooling process 
Bongs [41] proposed conceptual approaches for two types of evaporative cooling 
processes in an indirect evaporative cooling unit. In the first type, the water is sprayed 
in a form of tiny droplets using an atomizing nozzle into the relatively cool and dry 
inlet air (e.g. return air from the conditioned space), and then the evaporatively cooled 
and saturated cooling air is discharged to the cooling channel. In this type of evapo-
rative cooling, the cooling effect is mainly caused by the phase transition of the 
sprayed water droplets to water vapour. In the second model, the surface of the heat 
exchanger in the cooling channels is completely wetted with a thin water film (see 
Figure 2-18). In this type, the evaporation is due to the difference in vapour pressure 
of the cooling air and the saturation pressure of the water film. In this case, the water 
is thermally coupled to the heat exchanger wall [41].  
 
Figure 2-18: Schematic of the temperature profile in the air streams and water film 
(the air streams and the water film flow in parallel configuration). 
In the installed system in SERIS, the process of water spray is accelerated by the 
high air pressure (3-7 bar) in a pneumatic air atomizing nozzle (air-water nozzle). 
Therefore, the nozzles spray water in fine droplets form represents first type of 
evaporative cooling process in the adsorption heat exchanger (see Section 3.2.4). 
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The mathematical modelling of the second type of the evaporation process in an 
indirect evaporative cooling is discussed in several literatures [41,68,171,172]. The 
mathematical model for the first evaporation type is presented in the following 
section. 
 Evaporation model: fine droplets 
The evaporative cooling process is characterized by the conversion of the air 
sensible heat to the latent heat. The evaporation takes place at the interface between 
the surface of droplets and the cooling air. The absolute area for the heat and mass 
transfer in a heat exchanger is equal to the total heat exchanger surface area. 
However, since the evaporation process occurs in an evaporation chamber before the 
heat exchanger, the absolute area is difficult to determine [173,174]. Therefore, a 
relative value for a surface area of water droplets per unit volume of an evaporation 
chamber (   ( 
   ⁄ )) is specified [175]. In order to model the evaporation 
phenomena, the following assumptions are made [41,166,173]: 
1. Volume of the sprayed water evaporates completely before entering the 
heat exchanger. 
2. Volume of the sprayed water is enough to saturate cooling air. 
3. The evaporating water is constantly replaced by incoming water. 
4. A constant evaporation process is expected. 
5. Heat losses to the surroundings are neglected. 
6. The specific heat capacity of air, water and water vapour are constant in the 
relevant temperature range. 
Figure 2-19 presents a schematic of the evaporation chamber just above the heat 
exchanger (ECOS unit), and the energy and mass balances in a control volume of the 
chamber. In this configuration, both air and atomized water droplets flow downwards 
in y-direction. The mathematical models for the energy and mass balances are derived 
for a volume element        . 
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Figure 2-19: A control segment of the evaporation chamber combined with a heat 
exchanger (here, ECOS unit). It is assumed that the sprayed water is completely 
evaporated ( ̇       ).  
The energy balance in the control volume is presented as [173], 
( ̇   )     ( ̇   )  ( ̇   )     ( ̇   )  (2-11) 
The equation indicates that the rate of enthalpy transferred from the droplets to the 
surrounding air in the control volume is equal to the enthalpy gained by the air. The 
equation can be presented in the following form as well.    is the specific enthalpy of 
water (droplets), and    is the specific enthalpy of the moist air which are estimated 
by Eqs. (2-12) and (2-13), respectively. 
        (2-12) 
 
          (          ) (2-13) 
where    and    are the specific heat of dry air and the water vapour, respectively. 
Their values at standard temperature (25°C) is about 1.006 (kJ/kg°C) and 1.84 
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(kJ/kg°C).       is the specific heat of evaporation at 25°C with the estimated value 
of 2450 kJ/kg [176]. Substituting Eqs. (2-12) and (2-13) in Eq. (2-11), the following 
equation is derived over the length of the evaporation chamber on the basis of the 
aforementioned assumptions. 
 ̇   (            )   ̇   (                       )
  ̇      (            )    ̇            
(2-14) 
where    is the specific heat of water with the values of 4.180 (kJ/kg°C). In the 
equation above, the term in the left side denotes the changes of sensible energy and 
changes of the latent load due to increased humidity content of air. Eq. (2-13) can be 
further simplified if the sensible heat of water inlet is neglected compared to the 
relatively high latent load. The following equation is to calculate the temperature of 
air at the outlet of evaporation chamber. 
       
 ̇ [(          )           (            )]







3 NUMERICAL MODELLING, SIMULATION AND EXPERIMENTS ON THE 
EVAPORATIVELY COOLED SORPTIVE (ECOS) UNIT 
3.1 Introduction 
This chapter focuses on the modelling, experiments and numerical simulation of 
the conjugate heat and mass transfer in the ECOS system. A Pseudo-Gas-Side (PGS) 
model is applied to model the mass transfer phenomena between the desiccant 
material and the humid air stream. The results of model calculations are compared 
with experimental results obtained at SERIS (January - May, 2013). Finally, the 
impact of the effective mass transfer coefficient on the dehumidification performance 
of ECOS unit is evaluated. 
3.1.1 Evaporatively COoled Sorptive (ECOS) unit 
Figure 3-1 presents images of an ECOS unit coated with granular sorptive material. 
As it is shown in Figure 3-1 and Figure 3-2, each dehumidification unit has two types 
of channels - one type represents the process channels and another represents cooling 
channels. The two types of channels are coupled by a thermal conductor (thin 
aluminium plate). The surfaces of the aluminium plates in the process channels are 
coated with the sorptive material (e.g. granular silica gel). In the cooling channels, the 
cooling process takes place in order to cool the desiccant material during the 
adsorption process. The process and the cooling air streams flow in perpendicular 
direction to each other. The cross-flow concept is applied due to some technical 
limitations in designing the ECOS system such as i) positioning of a spray nozzle for 
the evaporative cooling process (see Figure 3-3) and ii) positioning of inlet/outlet 
ducts for the process and the regeneration air streams. 
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Figure 3-1: An ECOS unit (cross-flow configuration) (Right); the aluminium plates in 
the process channels are coated silica gel spheres (Left) [177]. 
 
Figure 3-2: Schematic of a pair of adjacent cooling and process channels as one pair 
of many channels, in the ECOS unit. The surfaces of the aluminium plates are coated 
with the sorptive material. The warm/hot and humid process air passes through the 
process channel from left to right in x-direction. The cooling air in the cooling 
channel flows in perpendicular direction to the process air (normal to the x-z plane).  
Figure 3-3 illustrates the different operating modes of an ECOS unit. Figure 3-4 
presents the adsorption, regeneration and the pre-cooling processes in an ECOS 
system consisting of two ECOS units (ECOS-A and ECOS-B). During the adsorption 
process (see Figure 3-3(a), Figure 3-4(a) and Figure 3-4(c)), the warm and humid 
process air flows through the process channels in which the water vapour of the 
process air is adsorbed by the desiccant material. This process leads to the desired air 
dehumidification. At the same time, adsorption heat is released, which increases the 
temperature of the sorptive material. The heat released during the adsorption process 
is transferred to the cooling channel; the cooling process is based on evaporation 
cooling. The cooling process in the adsorption mode is shown in Figure 3-3(a), 
ECOS-B in Figure 3-4(a) and ECOS-A in Figure 3-4(c). After some time, the 
adsorption efficiency of the desiccant bed is reduced once the adsorption material 
approaches saturation. In order to realize a continuous dehumidification process, 
 





Process channel  
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alternatingly a second ECOS unit is applied. The regeneration mode is shown in 
Figure 3-3(b), ECOS-A in Figure 3-4(a) and ECOS-B in Figure 3-4(c). Between the 
next adsorption process and the regeneration process a short pre-cooling step using 
ambient air is performed. The pre-cooling mode is presented schematically in (Figure 
3-3(c), ECOS-A in Figure 3-4(b) and ECOS-B in Figure 3-4(d). The cycle time is 
such that the adsorption time in one adsorption unit is equal to the summation of 








Figure 3-3: Schematic of the ECOS dehumidifier operation (a) water adsorption and 
evaporative cooling in the process and cooling channels; (b) regeneration process in 











Figure 3-4: Schematic of the operating principles of the ECOS system consisting of 
two adsorption units for quasi continuous adsorption operation. (a) regeneration 
process in adsorption unit-A (ECOS-A) and water adsorption and evaporative cooling 
processes in adsorption unit-B (ECOS-B) ; (b) pre-cooling process in ECOS-A and 
water adsorption and evaporative cooling processes in ECOS-B; (c) water adsorption 
49 
and evaporative cooling processes in ECOS-A and regeneration process in ADS-B; 
(d) water adsorption and evaporative cooling processes in ECOS-A and pre-cooling 
process in ECOS-B. REG: regeneration process, PC: Pre-cooling process, ADS: 
Adsorption process. 12 pneumatic valves direct the process, regeneration and cooling 
air through the ECOS system. The heater is active during the regeneration process.  
3.2 Mathematical modelling 
This Chapter lays the foundation for the modelling of heat- and mass-transfer in 
the desiccant bed and the adjacent air stream. The lumped capacitance model is used 
to model the heat transfer (see Section 2.2.3) and the Pseudo-Gas-Side (PGS) 
convective mass transfer approach (Section 2.2.2) is used to describe the water 
exchange between the adsorbent bed and the process air stream. The developed 
physical models are numerically implemented in MATLAB [51] using a finite 
difference approach for the numerical evaluation of the models.  
3.2.1 Model assumptions 
The following assumptions are made in order to simplify the modelling and thus to 
avoid excessive computational time. 
1. The air’s thermodynamic properties (  and  ) vary with time and  - and  -
directions only (see Figure 3-5). Due to the stipulated low height of the air 
flow channels compared to the length/width of channels, it is assumed that 
the values of the variables do not depend on  -direction [76,178]. 
2. The water content ( ) of the desiccant bed varies with time and in  - and 
 -direction only. The fundamental principles for these assumptions are 
introduced in Sections 2.2.2 and 2.2.3. 
3. The adsorbent material is evenly distributed with a constant layer thickness 
on the heat exchanger. The thickness of the desiccant bed is equal to the 
average diameter of the desiccant spheres [41,76].  
4. Isotherm adsorption and desorption curves are identical [41]. 
5. The system is thermally isolated and heat loss from the system to the 
surroundings is negligible. 
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6. The fluid flow is laminar, steady, incompressible, and hydro-dynamically 
and thermally are fully developed. 
7. The cooling and process air velocities are constant in their air stream 
directions and are zero in other directions.  
8. No-slip boundary condition at the desiccant bed/ fluid interface [121]. 
9. Radiation energy exchange is negligible compared to conduction and 
convection. 
 
Figure 3-5: Schematic of a pair of adjacent cooling and process channels coated with 
desiccant material (e.g. silica gel spheres). A complete ECOS stack consists of many 
such pairs of channels. For symmetry reasons the detailed physical modelling is done 
for the volume in the dashed red box (half of the process air channel, the desiccant 
bed and half of the cooling air channel). 
The detailed mass and heat transfer mechanisms between the adsorbent and the 
process air are presented in Sections 2.2.2 and 2.2.4, respectively. Figure 3-6 presents 
the conjugate mass and heat transfer mechanisms and resistances between three 
adjacent control volumes including the process air stream, the desiccant bed and 
cooling air stream. Due to the symmetric configuration of the coated desiccant beds in 
one process channel, for the simplicity reason half of domain is selected. The selected 
domain includes one desiccant bed and half of two process and cooling channels (see 
control volumes surrounded by dashed red line in Figure 3-5). The mechanisms of 
mass and heat transfer between the process air stream and the desiccant bed are 
simplified using the Pseudo-Gas-Side (PGS) and lumped capacitance models. PGS 
and lumped capacitance models suggest that only single effective mass resistance and 
effective heat transfer resistance are applied at the surface of material in gas-side 
(      ) instead two solid-side and gas-side resistances. The heat transfer mechanism 
between the cooling air stream and its adjacent control volume is described by the 
convective heat transfer mechanism through convective mass transfer coefficient 
(     ). The mathematical models for the heat and mass transfer mechanisms in the 
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desiccant material, process air stream and cooling air stream are developed in 
following sections.  
 
Figure 3-6: Model characteristics of heat and mass transfer processes between 
desiccant bed, process air and cooling air in two different ECOS’s modes of 
operation. (a): Simultaneous adsorption and cooling processes and (b) Regeneration 
process.   (     ) and   (     ) are the process air humidity ratio and temper-
ature.  (     ) is the water content of the desiccant bed; and    (     ) and 
   (     ) are the values at a hypothetical surface characterizing the interface 
between air flow and desiccant bed.        denotes the effective mass and heat 
transfer resistances in the gas side. The process air flow is characterized by light blue 
arrows in  -direction and the cooling air flow by dark blue arrows in  -direction. Heat 
and mass transfer is in perpendicular to the x-y plane. 
3.2.2 Conjugate mass and heat transfer processes in the desiccant bed 
3.2.2.1 Mass balance in the desiccant bed 
As described in Section 2.2.2, the mass transfer mechanism is developed on the 
basis of Pseudo-Gas-Side (PGS) model. This model applies an efficient convective 
mass transfer coefficient (          ⁄ ) which stands for both solid-side mass 
transfer mechanism (diffusion mechanism in material) and the gas-side mass transfer 
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mechanism (convective mass transfer). As presented in Figure 3-6, it is assumed that 
the mass transfer mechanism can be modelled at the hypothetical surface of desiccant 
bed and the gradient of water concentration in the solid-side (desiccant material) is 
zero. Therefore, the equilibrium concentration (   ) corresponding to the water 
content of the desiccant material (  ) is at the hypothetical surface . On the basis of 
the PGS model, the variation of water content of the desiccant bed (     ⁄ ) is 
linearly influenced by the effective convective mass transfer (      ) and the 
difference between the value of process air humidity ratio (  ) and the humidity ratio 
at hypothetical surface (   ) (Eq. (3-1)). 
(   )    
   (     )
  
       (  (     )     (     )) 
(3-1) 
where   is porosity of the desiccant bed,    is the water content in desiccant 
material,     is the humidity ratio at the hypothetical surface of desiccant bed,    is 
the humidity ratio of the process air, and        is convective mass transfer 
(      ⁄ ) given in the following empirical equation (Eq. (3-2)). 
                
   (3-2) 
   is the density of the process air in (   
 ⁄ ),    is the process air velocity in 
(  ⁄ ),    and    are coefficients which are derived from experiments. Values of 
     and     , respectively, are reported in the literature. Experiments were 
performed in order to study and verify the involved parameters.    is the Reynolds 
number which is a function of the fluid properties kinematic viscosity ( ), fluid 
velocity ( ) and hydraulic diameter of the channel (  ) (it may be estimated by height 
of channel). The Reynolds number is calculated using the following equation. 
   




The humidity ratio at the hypothetical surface (   ) is calculated based on the 
adsorption isotherm curve (silica gel 123B) corresponding the equilibrium 
temperature of the adsorbent in the control (see Figure 3-7) (for details see Section 
5.2.3 of Chapter 5). The adsorption isotherm curve is fitted based on experimental 
data using the following polynomial equation. 
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Figure 3-7: Measured mass loading against the relative pressure for the adsorption 
isotherm of water-silica gel Grace 123B (see Chapter 5). 
  (     )         (     )      (     )
 
     (     )
      (     )
  
(3-4) 
where    is the relative pressure at the hypothetical surface corresponding to water 
content (  (     )). The generated numerical values by a fitting program are as 
follows:          ,         ,         ,           and       . 
From the above equation, the equilibrium humidity at the hypothetical surface of 
the desiccant bed is calculated via 
   (     )  
    (     )      (     )
         (     )      (     )
 
(3-5) 
where,    and    are      and 0.38, respectively, and      is the atmospheric 
pressure.      is the saturation pressure which depends on the temperature of 
desiccant material (  ). 
    (     )   
(       (     )      (     )) (    (     ))
  
 (3-6) 
where          ,           ( 
  ),         ( ),      ( 
  ) and 
      . 










































3.2.2.2 Energy balance in the desiccant bed 
As discussed in Section 2.2.3, in this study the lumped capacitance model is used 
for the calculation of the temperature distribution in the desiccant bed since the Biot 
number is less than 1.0. As shown in Figure 3-6, it is assumed the heat transfer 
between the desiccant bed and the process/cooling air is controlled by the convective 
heat transfer coefficient ( ). 
According to Eq. (3-7), the energy balance in the desiccant bed is determined by (i) 
the adsorption heat generated in the desiccant bed (    ), (ii) the convectively trans-
mitted heat flow (      ) which is due to the temperature difference between the 
process air stream and the adjacent hypothetical surface of the adsorbent (iii) the 
energy transferred by water transport (     ), and (iv) the transfer to the cooling air 
steam (       ). It is assumed that the heat conductivity of the very thin aluminium 
substrate is very high.  
 ̇ (     )   * ̇   (     )   ̇     (     )
  ̇    (     )+
    
 [ ̇      (     )]     
(3-7) 
where  ̇ (     ) is the variation of the specific heat energy density in the desiccant 
bed. The last term in Eq. (3-7) is not applicable during the regeneration process.  
As described by Eq. (3-9), the temperature of the desiccant bed is influenced by the 
humidity ratio and the temperature of the process air, and the cooling air temperature 
over the length and width of ECOS unit, respectively. The generated specific 
adsorption heat (    (  )) is the sum of the specific energy of water condensation 
(    ) and the specific binding (adsorption) energy (    ) between water and the 
adsorbent molecules. The relation between    and      can be mathematically 
presented by the characteristic curve (Eq. (3-8)) shown in Figure 3-8. The detailed 
material characteristic of silica gel-123B is presented in Section 5.2.3.2. 
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Figure 3-8: Fitted characteristic curve based on the measured isobaric desorption of 
water-silica gel.       . 
  (    )    
 
 
[      (








Table 3-1: Parameter values of the fitted function for the characteristic curve of water-
silica gel (123B) 
Parameters         R² 
Values                                             
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   (   (     )     (     ))
         (  (     )
    (     )) (  (     )     (     ))+
    
 [   (    (     )    (     ))]     
 (3-9) 
The specific heat capacity of the adsorbent-adsorbate (   ) is assumed to be 
constant and can be calculated by a combination of adsorbent and its water content is 
calculated as            ; where           specific heat capacity of liquid water 
(4180      ⁄  [76]) and    is specific heat capacity of the adsorbent material 
(         ⁄  for Grace 123B [130]). The parameters,    and    , are the convective 
heat transfer (     ⁄ ) and given as follows: 
         
   (3-10) 
The parameter   is the specific heat capacity of moist air. The values of the 
constants    and    are      and      , respectively, based on literature [37,76]. 
These parameters were again verified by experiments.  
3.2.3 Conjugate mass and heat transfer in the process air stream 
3.2.3.1 Mass balance in the process channel 
Figure 3-9 shows small control volumes of the desiccant bed and the process air 
stream. As shown in Figure 3-6 and Figure 3-9, the process air flows in x-direction 
over the desiccant bed in the process channel and exchanges moisture and heat with 
the desiccant particles. 
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Figure 3-9: Schematic of the energy balance calculation in a small control volume of 
the process air channel.    and    are the process air humidity ratio and temper-
ature.   is the specific water content of the desiccant bed; and     and     are the 
values of the variables at the hypothetical surface. The process air flow is shown in 
blue arrows, and a small element of the desiccant bed is in yellow colour. Heat and 
mass transfer mechanisms occur perpendicular to the x-y plane. The thermodynamic 
properties of the air streams and the desiccant bed vary in x and y directions. 
The mass transfer mechanism in the process air stream for both adsorption and 
regeneration processes is modelled based on the mass balance equation (Eq. (3-11)) in 
the process air’s control volume (   ) (blue dashed box in Figure 3-9). Obviously, the 
water content inside the process air’s control volume is influenced by the inlet and 
outlet conditions and the amount of water flux transferred between the air stream and 
the adsorbent through the hypothetical surface. The specific water flux is determined 
by the effective mass transfer coefficient (      ) and the difference between the 
humidity ratio of the process air and humidity ratio at the hypothetical surface. 
[ ̇(     )]
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(3-11) 
The term ―1/2‖ is because half of the process channel is considered for the 
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The term ―1/2‖ is cancelled by the factor ―2‖ after Taylor expansion of the left side 
of the equation. After simplification, Eq. (3-12) is rearranged in following form: 
 
    
   (     )
  
   ̇ 
   (     )
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(3-13) 
 
Further simplification of Eq. (3-13) yields the final equation that describes the 
mass transfer mechanism in the process air’s control volume. 
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   (     )
  
   
   (     )
  
)
       (   (     )    (     )) 
(3-14) 
3.2.3.2 Energy balance in the process channel 
The energy balance in the control volume (see Figure 3-9) is given by the amount 
of inlet and outlet energy, the convective energy and the energy of water that are 
transferred between the desiccant bed and the process air stream.  
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After simplification and substituting Eq. (3-1), Eq. (3-16) can be rearranged in the 
following form: 
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(3-17) 
 
Finally, Eq. (3-17) yields the final equation for energy conservation in the process 
air as follow:  
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(3-18) 
 
where    is heat capacitance and acquired by           (    ) and 
        (      ) and         (      ).    is the heat capacitance of water 
and has an approximate value of 4180 (      ) [76]. 
3.2.4 Energy balance in the cooling channel 
As described in Section 2.2.4, the direct contact of water with the air stream results 
in an evaporative cooling process which can be regarded as the conversion of sensible 
load of the air into the latent load of the air. While the temperature of the cooling air 
decreases, its water content increases in an adiabatic process. The minimum possible 
temperature is the wet-bulb temperature of the inlet air stream.  
Two types of evaporative cooling process were presented in Section 2.2.4. The first 
type assumes the evaporation of fine water droplets before entering the heat 
exchanger; the second type is described by the evaporation of water from a water film 
in the wet channels of the ECOS unit. In the following, the first type of evaporative 
cooling is applied because of applied pneumatic air atomizing nozzle and optimal 
water flow rate (see Figure 3-10). The water flow rate was set to an optimal value (1.5 
l/h) after several trial and error experiments; under this condition the cooling air 
temperature was about its wet bulb temperature while there was almost no water 
found in the drainage. By this, it can assumed that there was no water film on the 
surfaces of the cooling channels of the ECOS unit. This model calculates the 
temperature of evaporatively cooled return/ambient air before entering the ECOS unit 
(   ). 
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Figure 3-10: Application of a pneumatic air atomizing nozzle (air-water nozzle) for 
the evaporative cooling process in the ECOS unit. In the installed ECOS system in 
SERIS, nozzles were installed in 40 cm above the ECOS unit and the process of water 
spray is accelerated by the high air pressure (3-7 bar) in a pneumatic air atomizing 
nozzle (air-water nozzle). Therefore, the nozzles spray water in fine droplet form 
(right picture). This kind of system configuration is in line with the first type of 
evaporative cooling (evaporation of droplets) (see Section 2.2.4). 
Figure 3-11 shows a small control volume of the cooling air which is adjacent to 
the adsorber element of the desiccant bed separated only by a very thin aluminium 
plate. The thermal resistance between the cooling air and the desiccant bed is 
dominated by the convective heat transfer coefficient in the cooling channel due to 
relatively small conductive resistance of thin aluminium plate.  
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Figure 3-11: Schematic of the small control volume of the cooling air. The small 
control volume of the cooling air (blue dashed-rectangular) is adjacent to an element 
of the desiccant bed (yellow rectangular) and separated only by a very thin aluminium 
plate. During adsorption, heat is transferred from the desiccant bed with temperature 
   (     ) to the cooling air volume by a convective heat transfer process. Heat 
transfers in perpendicular direction to the x-y plane. (A 1-D schematic is shown in this 
figure to avoid complexity; the thermodynamic properties of air streams and the 
desiccant bed vary in x- and y- directions). 
By applying the principle of heat balance for a small control volume of cooling air 
(Figure 3-11) which is adjacent to the adsorbent material, the following equation is 
derived. 
[ ̇(     )]   [ ̇(     )]   [ ̇(     )]   
 [ ̇(     )]       
(3-19) 
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The simplification of Eq. (3-20) yields the following simplified equation. 
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3.2.5 Boundary conditions 
3.2.5.1 Primary air 
  (     )|         
( )     ( ) (3-22) 
 
  (     )|         
( )     ( ) (3-23) 
3.2.5.2 Cooling air 
   (     )|          ( ) (3-24) 
 
   (     )|          ( ) (3-25) 
3.2.6 Finite difference approach 
In order to apply the finite difference approach, the first order partial differential 
equations presented in this chapter are transformed into discretized algebraic 
equations using the forward Euler (explicit) method [179]. Figure 3-12 presents a 
schematic of the spatial discretization of the process air channels, the desiccant bed 
and the cooling air channel in x- and y-directions. The flow chart of the simulation 
program is given in Appendix B. 
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Figure 3-12: Schematic representation of the discretization in cross-flow model 
(boxes present the nodes) [41]. 
Figure 3-13 presents the numerical mass transfer simulation between the process 
air stream and the desiccant bed in the process channels. Initially, a uniform temper-
ature (    ) and a uniform water content (    ) over the length of desiccant bed are 
stipulated. The initial equilibrium humidity ratio on the surface of desiccant bed 
(     ) is determined on the basis of the isotherm equilibrium related to the 
temperature of the material, the water content and the partial pressure (see Figure 3-7, 
Eq. (3-5)). At each time step, a bulk of humid air with properties of       and 
      enters the process channel (see Section 3.2.5.1). At each node, water and heat is 
exchanged with the desiccant bed. The humidity and the temperature of this node are 
updated, and the respective values influence the properties of i) the neighbouring 
nodes (in flow direction), ii) the same node in the next time-step and iii) the adjacent 
nodes in the other control volumes. The same principle is applied for the heat 
exchange mechanism for the cooling air stream in y-direction.  
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Figure 3-13: A simplified schematic of mass transfer between air stream and desiccant 
bed. A 1-D schematic is shown in this figure to avoid complexity; the thermodynamic 
properties of the air streams and the desiccant bed vary in  - and  -directions due to 
the cross-flow configuration of the ECOS unit. 
The mathematical models for the heat and mass transfer for each control volume 
are summarized in Table 3-2. The detailed information of the ECOS unit are given in 
Table 3-3. The boundary conditions for the solution of these equations are given in 
Section 3.2.5. On the basis of this information the system of model equations can be 
solved using the finite difference approach explained above. 
Table 3-2: Summary of the mathematical models. 
Control volume Type of 
conservation 
Equations 
Adsorbent bed Mass balance Eqs. (3-1) and (3-2) 
Energy balance Eqs. (3-9), (3-4), (3-5), 
(3-6) and (3-10) 
Process air Mass balance Eqs. (3-14) and (3-2) 
Energy balance Eqs. (3-18), (3-1), (3-2) 
and (3-10) 
Cooling air Energy balance Eqs. (3-21) and (3-10) 
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Table 3-3: Dimensions of each ECOS unit [180]. 
Parameter Unit Value 
ECOS Height/ Length/ Width m 0.4/ 0.4/ 0.4 
Number of process and cooling channel - 35/34 
Total adsorption bed surface m² 10.6 
Thickness sorption material mm 1.0 
Channel height - process air mm 5.0 
Channel height - cooling air mm 3.0 
Mass of adsorbent kg 2.9 
3.3 Experiments 
3.3.1 Introduction 
The following section presents a description of the test-rig for the ECOS system 
installed at SERIS in Singapore (December 2010 - June 2013). Experiments were 
conducted in the course of this research from January 2013 to May 2013 in order to 
perform the analyses and the comparison study between the simulation and 
experimental results in this chapter. 
3.3.2 Experimental set-up 
The experimental set-up is shown in Figure 3-14. The ECOS system comprises two 
adsorption units. The detailed operating processes were described in Section 3.1.1. 
Four main inlet ducts direct i) the humid process air, ii) the hot regeneration air, 
iii) the relatively cool and dry cooling air and iv) the pre-cooling air to the ECOS 
system (see Figure 3-14 and Figure 3-4). The air streams are alternatively switched 
between the two adsorption units according to the operating modes. Three fans were 
integrated to the system in order to transport the above-mentioned four air streams. 
One of these fans transports the regeneration air and subsequently the pre-cooling air 
to one of the adsorption units (e.g. ECOS-A), while the other two fans supply the 
process and the cooling air to the other adsorption unit (e.g. ECOS-B). An air flow 
rate of 220 m
3
/h was the maximum air flow rate that could be supplied by the installed 
fans. The air flow directions are controlled by twelve dampers powered by twelve 
pneumatic actuators. The properties of the desiccant material and their numerical 
values are given in Table 3-4. The material characteristics of the selected desiccant 
material (silica gel 123B) are discussed in Chapter 5 (Section 5.2). 
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Figure 3-14: The experimental ECOS facility at SERIS, Singapore. ―AUX HX‖ 
stands for the auxiliary heat exchanger. Reg: regeneration air, Proc: process air, Cool: 
cooling air and Pre-cool: pre-cooling air streams. Auxiliary heat exchanger is applied 
if enough heat is not supplied by solar thermal system. 
Table 3-4: Adsorbent properties (Granular silica gel, Grace 123B) [130]. 
Property Specification 
Chemical composition      
Specific surface area        ⁄  
Specific heat capacity           
Thermal conductivity           
Specific pore volume         
Average pore diameter       
Particle diameter            
Bulk density           
Maximum water content of silica bed 0.37         
3.3.2.1 Data acquisition system 
Figure 3-15 illustrates the control interface of the data-logging system. The 
software (LabVIEW-NI) was programmed in order to control the adsorption, 
regeneration and pre-cooling processes and to record the measured data from the 
sensors. Data were recorded at ―one second‖ intervals. The data was then used for the 
testing of the mathematical models. The sensor system consisted of:  
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1. nine relative humidity sensors 
2. nine temperature sensors 
3. three air flow meters  
4. two absolute pressure sensors 
The specifications of the applied sensors are listed in Table 3-5. 
 
 
Figure 3-15: Screen shot of the acquisition display powered by LabVIEW-NI. 
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In order to reduce the systematic error in the measurements, the air temperature 
was measured by high-accuracy 4-wire RTD temperature sensor and the capacitance 
RH sensors are calibrated with high accuracy using a master optical dew-point sensor 
with high accuracy and virtually zero drift (Michell-Optidew Vision; temperature 
69 
±0.1ºC). For this calibration process, a humidity calibrator apparatus (S503) [181] 
was used to perform calibrations that are traceable to national standards (see Figure 
3-16). The humidity calibration chamber is able to provide stable air humidity. The 
measured relative humidity values at different humidity and temperatures by the 
capacitance RH-sensors are compared with the values measured by the dew-point 
sensor. A regression analysis with a second order polynomial was implemented in 
order to get the correction factors of the capacitance relative humidity sensors. 
 
Figure 3-16: Humidity sensor calibration apparatus. 
3.3.3 Exemplary experimental results 
The ECOS system was operated under Singapore climate conditions with average 
air flow rates of 200 m³/h for process air, cooling air and regeneration air streams. The 
experimental conditions are given in Table 3-6. The system operates under       
     condition which means the total cycle or adsorption time is      ,       is 
for regeneration time and      is for pre-cooling processes. 
Figure 3-17 and Figure 3-18 presents measured values of the process and the 
cooling air humidity and temperature, respectively, for periodic (quasi-continuous) 
operation of the two ECOS units – ECOS-A and ECOS-B. In this experiment, the 
return air stream from the conditioned space is directly supplied to the ECOS system 
as the driving air for the evaporative cooling process. For the evaluation of the system 
behaviour, time averaged values of the measured data (over 3600 sec) were used. As 
can be seen from Figure 3-17 and Figure 3-18, the performance of two ECOS units of 
the ECOS system is slightly different – ECOS-B performs better than ECOS-A. A 
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possible reason is that the regeneration process in the ECOS-A is not as good as the 
process in ECOS-B due to cooling air leakages from the ECOS-B to the ECOS-A 
during the regeneration process in ECOS-A. ECOS-B is used as a proxy for the 
system performance analysis in Chapters 6 and 8. 
Table 3-6: Experimental operating conditions. 
Parameters Classifications Value 
Singapore ambient air 
Average temperature 31 °C 
Average humidity ratio 16        
Return air from conditioned 
space 
Average temperature 25.5 °C 
Average humidity ratio 13.5        
Cycle time 
Adsorption  15 min 
Regeneration  14min 
Pre-cooling  1min 




/h (0.05 kg/s) Cooling air 
Regeneration air 
Regeneration air temperature  75°C 
 
 
Figure 3-17: Experimental results of a typical ECOS experiment. Humidity ratios of 
process air (inlet), process air (outlet) and cooling air (outlet). Experimental 
conditions are given in Table 3-6. The experimental uncertainty of absolute humidity 




Figure 3-18: Experimental results of the ECOS performance in terms of the process 
air temperature at the outlet of ECOS system. Experimental conditions are given in 
Table 3-6. The experimental uncertainty of absolute temperature measurement is 
about      . The uncertainties of measurements are given in Appendix E. 
As seen in Figure 3-17, at the beginning of the adsorption process, the process air 
humidity at the outlet is very low; this is due to the relatively dry desiccant bed and so 
due to the highest driving force for the mass transfer. At this short period, the high 
rate of adsorption results in high released adsorption heat which increases the process 
air temperature (see Figure 3-18). However, the impact of the evaporative cooling 
compensates the generated heat and so the temperature of the process air is controlled. 
The dehumidification rate of the system dwindles as the desiccant material reaches its 
saturation point. By this time, the released heat decreases, and the cooling air stream 
can take over all generated heat as well as some of the sensible heat of the process air 
stream; thus, the temperature of the process air decreases below the ambient air 
temperature. The fluctuation of the dehumidified air (blue line) is damped by the 
moisture and heat capacity of the conditioned space (see Sections 7.3.1 and 7.3.2), so 
that green line (return air from room) does not follow the inlet air humidity. 
3.3.4 Comparison between the simulation and experimental results 
To perform the comparison between the simulation and experimental results, two 
experiments with different airflow rates and ambient conditions were performed. The 
operating conditions were measured as presented in Table 3-7. Inputs to the 
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simulations were time-resolved data (time step: 1 sec) of the experimental ambient, 
regeneration and cooling air conditions. The outputs of the simulation calculations 
were time series of the humidity and temperature of the dehumidified process air. 
Figures 3-19, 3-20, 3-21 and 3-22 show the comparison between simulation and 
experimental results for the humidity ratio and the temperature of the outlet process 
air for two different operation conditions (see Table 3-7). As seen, there is a 
reasonable agreement between the simulated (green line) and the experimental results 
(in dash black line) for both the adsorption and the regeneration processes in two 
experiments. The correlation of the simulation and the experimental results in the 
adsorption process is relatively high compared to the values in the regeneration 
process. One of the reasons for the seen discrepancy in the regeneration process was 
discovered during the analyses (after lab closure) that air from another chamber 
leaked and was mixed with the regeneration air. According to the working principle of 
the ECOS system, the regeneration process takes place after the adsorption process. 
Therefore, the exhaust channel can be wet due to the previous evaporative cooling 
process, which can affect the measured temperature and humidity during the 
regeneration process. Nevertheless, very good agreement between the simulation and 
experimental results in the adsorption phase for both experiments clearly indicates 
that the simulation programme is reliable to simulate the ECOS system.  
Table 3-7: Experimental operating conditions for two experiments 
Parameters Classifications Value 
Singapore ambient air 
Average temperatures 
30 °C and 
 32 °C 
Average humidity 
ratios 
15        and  
18.5        
Cycle time 
Adsorption  70 min 
Regeneration  70 min 














Figure 3-19: Simulation-experiment comparison for adsorption and regeneration pro-
cesses using experimental humidity ratio data. The flowrate is 200 m
3
/h (other ex-
perimental conditions see Table 3-7). The mean relative error 
(
 
    
∑ (|             |       ⁄ )
    
   ) is about 3.6%. . The experimental uncertainty 
of absolute humidity measurements in the adsorption and regeneration processes are 
about           ⁄  and           ⁄ , respectively. The uncertainties of 
measurements are given in Appendix E. The uncertainties of measurements are given 
in Appendix E. 
 
Figure 3-20: Simulation-experiment comparison for adsorption and regeneration pro-
cesses using experimental temperature data. The flowrate is 200 m
3
/h (other 
experimental conditions see Table 3-7). The mean relative error 
(
 
    
∑ (|             |       ⁄ )
    
   ) is about 2.6%. The experimental uncertainty of 
absolute temperature measurements in the adsorption and regeneration processes are 
about       and      , respectively. The uncertainties of measurements are given 
in Appendix E. The uncertainties of measurements are given in Appendix E. 
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Figure 3-21: Simulation-experiment comparison for adsorption and regeneration pro-
cesses using experimental humidity ratio data. The flowrate is 150 m
3
/h (other 
experimental conditions see Table 3-7). The mean relative error 
(
 
    
∑ (|             |       ⁄ )
    
   ) is about 7.1%. The uncertainties of 
measurements are given in Appendix E. 
 
Figure 3-22: Simulation-experiment comparison for adsorption and regeneration pro-
cesses using experimental temperature data. The flowrate is 150 m
3
/h (other 
experimental conditions see Table 3-7). The mean relative error 
(
 
    
∑ (|             |       ⁄ )
    
   ) is about 2.4%. The uncertainties of 
measurements are given in Table 3-5. 
The tangent of the adsorption curve in Figure 3-19 also implies that the rate of 
dehumidification is relatively high at the beginning of the adsorption process, in 
which the dehumidification capacity reaches 67% of the maximum load after 15min. 
The rest of the dehumidification load is handled from the 15min to 50min. In the 
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course of this research, 15min is used as a reference adsorption time for the analyses 
and the optimization strategies. 
To check the simulation model using alternative way, data acquired from the mass 
conversion in the adsorption and the regeneration processes are compared. For this 
comparison, the adsorption phase and desorption phase should be sufficiently long as 
they are given for the experimental conditions given in Table 3-7. Table 3-8 indicates 
that the amount of water that was removed from the humid process air during the ad-
sorption process is equal to the water removed from the desiccant material in the 
regeneration process. 
Table 3-8: The mass balances for the adsorption and the desorption phases 
Adsorbed water 
(   ) 
Regenerated 
water (   ) 
0.638 0.631 
3.4 Results of simulation analyses and discussion 
In this section, the detailed and two-dimensional air temperature and humidity ratio 
distributions in the ECOS system are presented. Additionally, the influences of mass 
transfer coefficient as a desiccant material parameter and the process air temperature 
on the performance of ECOS system are analysed. In order to avoid the repetition in 
the thesis, the impact of the operating conditions on the ECOS performance is 
evaluated in Chapter 6.  
3.4.1 Exemplary results of simulation calculations for the ECOS dehumidifier 
The detailed mathematical models for the cross-flow ECOS unit provide insights to 
visualize the temperature and humidity ratio distributions in three defined control 
volumes including the process and the cooling air streams and the desiccant bed. 
Figures 3-23 and 3-24 show the temperature and the humidity ratio distributions in 
the process channel, the cooling channel and the desiccant bed in the ECOS unit at the 
end of the adsorption time (70 min), respectively. For the simulation, the average 
temperature and the humidity ratio of the process air over the inlet are set to     
and       ⁄ , respectively. The average temperature of the cooling air after the 
evaporation process over the inlet is    . In the figures, the left graphs present the 
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temperature and humidity ratio as a function of the position on the adsorber surface 
(x-y plane) in 3D form; and, the right graphs present the findings in a 2D plot. As seen 
in the figures, due to the cross-flow configuration of the ECOS unit, the temperature 
and the humidity ratio distribution in the process air, the cooling air and at the surface 
of the desiccant bed vary from one node to the another node in x- and y-directions.  
Figure 3-24(a) indicates that the process air has its lowest humidity ratio values at 
the area near the cooling air inlet. This can be explained by the fact that the relatively 
cool cooling air reduces the desiccant bed temperature which results in a relatively 
low partial pressure at the hypothetical surface of the desiccant bed (see Figure 
3-24(c)). Consequently, the relatively high humidity gradient between the process air 











Figure 3-23: Steady-state temperature profiles in the ECOS unit at the end of a 70 min 
adsorption process (simulation calculation): (a) inside the process air channel, (b) 
inside the cooling air channel and (c) at the hypothetical surface of the desiccant bed. 
Numbers (1-8) shown at the axes present the numbering of the nodes on x- and y-axis. 
The high precision numbers presented in the right graphs are provided by the 









Figure 3-24: Steady-state humidity ratio profiles in the ECOS unit at the end of a 70 
min adsorption process (simulation calculation): (a) inside the process air channel, 
and (b) at the hypothetical surface of the desiccant bed. Numbers (1-8) shown at the 
axes present the nodes in x- and y-axis. The high precision numbers presented in the 
right graphs are provided by the simulation software. 
Figure 3-23 and Figure 3-24 provide clear evidence that the evaporative cooling 
process considerably influences the dehumidification potential of the ECOS unit. The 
partial pressure of water at the surface of the adsorbent material decreases if its 
temperature is reduced; this improves the dehumidification process. As the results 
shown in Figure 3-24(a) indicate, the dehumidification process near to the cooling air 
inlet is higher than at positions further down the channel; this results in a lower 
humidity ratio of the process air in the area near to the cooling air inlet compared to 
the outlying positions. 
3.4.2 The effect of the effective mass transfer coefficient on the adsorption 
process  
The key parameter that mostly affects the performance of the desiccant system is 
the effective mass transfer coefficient      (see Eqs. (3-1 and (3-2)). In this section, 
the impact of the convective mass transfer coefficient on the dehumidification 
performance of the ECOS unit is investigated. 
Figure 3-25 presents several simulated humidity time series at the outlet of the 
ECOS unit corresponding to different values of     . As described in Sections 2.2.2 
and 3.2.2.1, the convective mass transfer coefficient (  ) for the ECOS prototype 
(Table 3-3 and Table 3-4) and flow rate of 200    ⁄  is calculated as about 0.027 
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(      ⁄ ) using (Eq. (3-2), Section 3.2.2.1). The simulation program is run for five 
arbitrary factors (  ) in calculation of the mass transfer coefficient (         ) 
including: 0.001, 0.1, 1, 2 and 5. Figure 3-25 presents the humidity ratio of dehumidi-
fied air at the outlet of ECOS unit for different values of mass transfer coefficients 
(    ). The minimum dehumidification performance is related to the minimum factor 
(            ), whereas, the maximum dehumidification corresponds to the 
highest factors (        ,         ). This observation is confirmed by Table 
3-9, which provides information about the adsorbed and regenerated water for 
different mass transfer coefficients. Additionally, as can be seen in Table 3-9, the 
adsorbed masses of water in the adsorbent are equal for the conditions in which the 
adsorption process reaches saturation; this is the case for mass transfer coefficients 
greater than   . 
 
Figure 3-25: Average of air humidity (  ) over the outlet of the ECOS unit in y-
direction (adsorption mode of operation) for different mass transfer coefficients. The 
reference value is         (   
   ⁄ ). The outlet ambient air humidity curves are 
almost identical for materials with          and         . The inlet ambient air 
humidity is identical with the outlet air humidity for materials with              






Table 3-9: The mass balances for different mass transfer coefficients at the end of 
adsorption time (70 min),         (   
   ⁄ ). 
Factor of      Adsorbed water 
(   ) 
Regenerated 
water (   ) 
Specific water 
content (      ⁄ ) 
             0.019 0.018 0.0066 
           0.573 0.572 0.2033 
        0.615 0.615 0.2185 
         0.615 0.615 0.2185 
         0.615 0.615 0.2185 
 
In Figure 3-25, the humidity curve related to           , intersects the other 
curves at ~20 min. The dehumidification performance of such a desiccant is initially 
lower than that of materials with higher mass transfer coefficients. However, after 20 
min, its dehumidification performance is higher than those of other materials having 
improved mass transfer coefficients. This can be explained by the fact that the 
materials with higher mass transfer coefficients adsorb water faster at the beginning of 
the adsorption process. At the same time, they reach the saturation state faster than 
materials with smaller mass transfer coefficients. Materials with smaller coefficients 
continue to adsorb water better for a longer time span. Therefore, for an effective 
dehumidification system, mass transfer coefficients and adsorption time have to be 
adjusted together.  
As it is shown in Figure 3-25, the dehumidification performance increases 
considerably by improving the mass transfer factor (  ) from 0.001 to 1. Whereas, the 
dehumidification performance change slightly only when increasing the factor (  ) 
from 2 to 5. This behaviour can be mathematically explained by Eq. (3-26). 
(   )    
   
  
     (      ) 
(3-26) 
According to Eq. (3-26), the rate of adsorption corresponds to the product of the 
mass transfer coefficient (    ) and the humidity difference between the process air 
(  ) and the surface of desiccant bed (   ). The difference between the values shown 
in Figure 3-25 and Figure 3-26 for each corresponding      indicates that the 
humidity difference decreases if      increases. Therefore, product of     (   
   ) does not increase significantly by increasing the mass transfer coefficient.  
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Figure 3-26: Average humidity ratio at the surface of the desiccant bed (   ) over the 
outlet of ECOS unit in y-direction (a adsorption process) for different mass transfer 
coefficients. 
Figure 3-27 presents the process air temperatures at the outlet of the ECOS system 
for different mass transfer coefficient. As can be seen, the highest temperature is 
related to the mass transfer coefficients          and         , and the mini-
mum temperature is related to the material with             . This is because, the 
adsorption rate and the adsorption heat influence the process air temperature (     
 (  ), see Sections 2.2.1.3 and 5.2.3.2). Since the adsorption rate for the adsorbent 
having a higher mass transfer coefficient is higher, the rate of generated adsorption 
heat is higher. Therefore, the temperature of process air increases by increasing the 
mass transfer coefficient. 
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Figure 3-27: Average process air temperature at the outlet of ECOS unit over the 
width in y-direction (adsorption process) corresponding to the variation of mass 
transfer coefficient. (In above figure, ―    ‖ is the mass transfer coefficient and    
     (      ⁄ )). 
3.4.3 Performance of the ECOS system under different ambient air temperatures  
Figure 3-28 shows the dehumidification performance of the ECOS system under 
three different inlet process air temperatures, including the reference ambient 
condition in Singapore (   ,         ⁄ ), the lower (   ) and the higher (   ) 
temperatures. The dehumidification performance of the system increases with 
decreasing process air temperature. This is due to the fact that the process air with a 
low temperature directly cools the desiccant material and partially handles the 
released adsorption heat. Therefore, the equilibrium partial vapour pressure at the 
surface of desiccant material decreases due to decreased material temperature which 
allows higher pressure gradient between the humid air and surface of desiccant 
material. The increased driving force thus enhances the dehumidification performance 
of the ECOS system. The positive impact of pre-cooling of the inlet process air on the 
performance of the desiccant dehumidification system provides the basis to propose 




Figure 3-28: Assessment of the impact of the ambient air (process air) temperature on 





4 NUMERICAL MODELLING, SIMULATION AND EXPERIMENTS ON THE 
MEMBRANE-BASED MASS AND HEAT EXCHANGE UNIT 
4.1 Introduction 
This Chapter starts with an overview of a membrane-based mass and heat 
exchange unit, followed by detailed mathematical models for the conjugate heat and 
mass transfer. Subsequently, details of the experimental test-rig installed at SERIS 
and exemplary experimental results are presented. Simulations are then performed on 
the membrane unit, and simulations results are compared with those acquired 
experimentally. The performance of a membrane unit is experimentally evaluated. 
Finally, the optimization of the latent performance of the membrane system, using a 
multi-objective optimization approach, is presented. 
4.1.1 Membrane-based mass and heat exchange unit 
Figure 4-1 illustrates a counter-flow air-to-air membrane-based mass and heat 
exchange unit. The membrane unit consists of several pairs of primary and secondary 
channels, which are separated by very thin permeable and conductive membrane 
layers. The primary air channel carries the humid and warm air stream, while the 
secondary air channel is specifically for the return air, which is relatively cool and dry 
from the air-conditioned space. The permeable membrane layer is made from 
specially treated material, such as paper and cellulose acetate membrane. These 
materials possess suitable pore sizes, porosities and chemistry that are able to separate 
the relatively small water molecules from the surrounding air molecules [182]. 
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Figure 4-1: Schematic of a quasi-counter flow air-to-air membrane-based mass and 
heat exchange unit (Bottom). Pairs of primary and secondary air channels (Top). The 
mass and heat transfer from the primary channels to the secondary channels is in the 
z-direction. The model was developed for the area between two middle lines. 
4.2 Mathematical modelling 
Figure 4-2 presents a schematic of a pair of primary and secondary air channels, 
and a membrane layer in a counter-flow membrane unit. The primary air, which is 
warm and humid air, flows along the  -direction, while the secondary air that is 
relatively cool and dry flows in the opposite direction. The driving force for the heat 
transfer between the primary and secondary air streams is the gradient of temperature 
between the two sources. The mass transfer mechanisms in the porous materials are 
discussed in detailed in Section 2.2.4. The gradient of humidity contents in the air 




Figure 4-2: Schematic drawing of a counter-flow membrane unit , which consists of 
one pair of primary and secondary air channels and a membrane. 
4.2.1 Model assumptions 
The main assumptions made in the mathematical model representing the water and 
heat transfer through the membrane are the following: 
1. The mass transfer mechanism is modelled using the solution-diffusion 
model (see Chapter 2), as the applied membrane is a dense hydrophilic 
membrane impregnated with a soluble salt (H2KO4P) (see Chapter 5).  
2. Thermal properties of airflows vary only in the  -direction due to counter-
flow construction and the relatively low height of the channels compared to 
its length [183]. 
3. Heat conduction and water vapour diffusion inside the two air streams are 
negligible compared to the heat and vapour convection in the bulk flow 
[184].  
4. The absolute value of the heat of water adsorption, at the membrane surface 
of the primary channel, is equal to the heat of desorption at the membrane 
surface in the secondary channel [185]. 
5. Moisture and heat transfer from the primary air stream through the 
membrane layer to the secondary air stream occurs in a direction normal to 
the membrane surface [81]. 
6. The air flow in the channels is steady, incompressible and hydro-
dynamically developed [186]. 
7. Air velocities of the primary and the secondary air streams remain constant 
throughout the air channels [187]. 
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Considering these assumptions, Figure 4-3 illustrates the heat and mass transfer 
mechanisms between adjacent control volumes in the primary air stream, the 
membrane layer and the secondary air stream. The heat and mass transfer between the 
two air streams are simplified and presented as resistor networks in Figure 4-4. 
Material characterization of the applied membrane, as presented in Chapter 5 
indicates that the membrane is a dense hydrophilic membrane impregnated with a 
soluble salt (H2KO4P). Therefore, the mechanism of the water vapour transfer 
mechanism through the membrane layer is a solubility diffusion, which can be 
modelled by the solution-diffusion model (SDM) [153]. Based on the SDM approach, 
the water vapour molecules are first absorbed on the surface of the membrane that 
faces the high-concentration side. The water molecules then diffuse through the 
membrane, due to the concentration gradient (not pressure gradient). Finally, the 
water molecules desorb from the surface of the membrane facing the low-
concentration side [154]. The absorption and desorption processes at the surfaces of 
membrane are accompanied with the released adsorption heat (     ) and the taken 
desorption heat (     ), respectively. 
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Figure 4-3: Membrane model characteristics: Heat and mass transfer processes 
between adjacent control volumes - primary air stream, membrane layer and 
secondary air stream. In the right figure, the left mechanism presents the convective 
and diffusion mass mechanism (Eqs. (4-1), (4-14) and (4-17)); centre mechanism 
shows the convective and conductive heat transfer and right mechanism (arrows) 




Figure 4-4: Resistor network representation of mass and heat transfer through the 
membrane: (a) mass transfer mechanism, (b) heat transfer mechanism between the 
primary and secondary air (see Figure 4-3).    and    are the air humidity ratio and 
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temperature.   denotes the primary ( ) or secondary ( ) air stream.     and     are 
the humidity ratio and temperature at the surfaces of membrane layer.   is the mass 
and heat transfer resistances.   is the convective mass transfer coefficients, and   is 
the convective heat transfer coefficients.   is the specific water flux and   is specific 
heat flux. 
4.2.2 Mass and energy balances (membrane layer) 
4.2.2.1 Mass transfer in the membrane layer 
The water diffusion process through the membrane layer is characterized by the 
mass conservation. As the membrane layer is very thin in relation to its length and 
width, it is reasonable to assume that the water concentration gradient in the 
membrane layer (    ⁄ ) can be simplified into a linear variation of concentration in 
the z-direction. The specific water vapour transfer rate in the membrane ( ) is 
modelled by Fick’s law. The mass transfer mechanism is dependent upon a diffusion 
coefficient and the gradient of water concentration between both surfaces of the 
membrane.  
 (   )     
  (     )
  
 
   
 
(   (   )     (   )) 
(4-1) 
where,   (      ⁄ ) is the specific water vapour transfer rate in the membrane 
layer,     ( 
  ⁄ ) is the water diffusivity in the membrane,   ( ) is the thickness of 
membrane layer, and     and     (     
 ⁄ ) are the water concentrations at the 
surfaces of the membrane layer in primary and secondary air streams sides, 
respectively. While the concentrations of the air streams are known, the water concen-
trations at the surfaces of the membrane layer are not. Therefore, the approach is to 
present Eq. (4-1) based on the concentration difference between the air streams. As 
presented in Figure 4-4, the resistance for the mass transfer between the primary and 
the secondary air streams is the sum of the convective mass resistances in the primary 
and the secondary air streams (   ⁄  and    ⁄ ) and the diffusion mass resistance in 
the membrane layer,     ⁄ . Therefore, the total mass transfer resistance is calculated 
as follows: 












This yields the specific water vapour transfer rate through the membrane ( ) as, 
 (   )  
 
    
(  (   )    (   )) 
(4-3) 
Substituting    with      where    is defined as the air humidity ratio,   can be 
written as following equation. i denotes the primary (p) or secondary (s) air stream. 
 (   )  
  
    
(  (   )    (   )) 
(4-4) 
4.2.2.2 Energy balance in the membrane layer 
Figure 4-3 and Figure 4-4 illustrate the heat transfer mechanism between the 
primary and the secondary air streams. Heat sources and sinks (water adsorption and 
desorption heat) are considered at the surfaces of the membrane layer in the primary 
and the secondary air streams sides. From the variables shown in Figure 4-3, only the 
temperatures at the surfaces (    and    ) are unknown. The following section 
presents a method to calculate these unknown temperatures without involving 
complex thermodynamic equations presented in previous studies [184,188]. 
Two nodes are considered on the surfaces of the membrane in the primary and 
secondary air streams in order to calculate the surface temperature of the membrane.at 
its surfaces. The energy balances at these nodes are presented in Eqs. (4-5) and (4-7). 
                     (4-5) 
Substituting the convective heat transfer term in the primary air stream and 
conductive heat transfer term shown Figure 4-3 instead of their parameters,    and 
  , in Eqs. (4-5) yields 
  (      )             
  
 
(       )      
(4-6) 
The energy balance at the surface of the membrane in the secondary air stream is: 
                     (4-7) 
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Similarly, substituting    and    by the convective heat and conductive heat 
transfer terms shown Figure 4-3 yields 
  
 
(       )        (      )             
(4-8) 
where    and    are the convective heat transfer coefficients between the air 
streams and the membrane surfaces in the primary and secondary channels, 
respectively.    and     are the enthalpy of diffused water and adsorption/desorption 
heat, which are measured in Section 5.1.2, respectively.    is the conductive heat 
transfer coefficient of membrane described in Section 5.1.2. 
Eqs. (4-6) and (4-8) are rearranged into the following two equations based on two 
unknown temperatures (    and    ).  
    
     
  
           






    
     
  
           
  
    
 
(4-10) 
By substituting Eq. (4-9) into Eq. (4-10) or vice versa, the following equations are 
derived, and can be used to calculate the temperatures at the membrane surfaces on 
the basis of the primary and secondary air temperature, and the adsorption/desorption 
heat. 
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4.2.3 Mass and energy balance in the primary air channel 
4.2.3.1 Mass balance in the primary air channel 
The temperature and concentration differences between the primary air stream 
(     ) and the surface of the membrane in the primary side (       ) are the 
driving forces for heat and mass transfer from the air stream to the surface of the 
membrane.  
The mass transfer mechanism in the primary air stream is modelled based on the 
mass balance equation (Eq. (4-13)). The water content inside the primary air’s control 
volume is influenced by the inlet conditions and the amount of water flux transferred 
from the humid air stream to the surface of the membrane layer. The specific water 
flux ( ) is determined by the effective mass transfer coefficient (  ) and the difference 
between the humidity ratio of the primary air (  ) and the humidity ratio at the 
membrane surface (   ). 
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Equation (4-15) is rearranged in following form: 
    
   (   )
  
   ̇ 
   (   )
  
   
(4-16) 
Rearrangement of Eq. (4-16) yields the final equation that describes the mass 
transfer mechanism in the process air’s control volume. 
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(4-17) 
where   ,    and    are the height of the primary channel in  -direction, velocity 
of air in the primary channel in and humidity ratio of primary air.    denotes the 
convective mass transfer coefficient of the primary air stream. 
4.2.3.2 Energy balance in the primary air channel 
The energy balance in the control volume is represented by the amount of inflow 
and outflow energy and the convective energy transfer between the air in the channel 
and the membrane.  
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Equation (4-19) is rearranged into the following form: 
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where    ,    and    are the specific heat, temperature and convective heat transfer 
coefficient of the primary air.      is the membrane temperature at the surface in 
contact with the primary air calculated by Eq. (4-11). 
From this, the final equation for energy conservation in the primary air stream is: 
       (
   (   )
  
   
   (   )
  
)    (  (   )
    (     ))|
      
 
(4-21) 
4.2.4 Mass and energy balance in the secondary air channel 
The same assumptions and simplifications described in the previous Section are 
applied to the secondary channel. The final mass and heat transfer mechanisms are 
described in following equations.  
4.2.4.1 Mass balance in the secondary air channel 
    (
   (   )
  
   
   (   )
  
)
     (   (     )    (   ))|    
 
(4-22) 
where,    is the convective mass transfer coefficient in the secondary air channel. 
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4.2.4.2 Energy balance in the secondary air channel 
       (
   (   )
  
   
   (   )
  
)   (   (     )   (   ))|    
 
(4-23) 
where    ,    and    are the specific heat, temperature and convective heat transfer 
coefficient in the secondary air channel. 
4.2.5 Required coefficients 
4.2.5.1 Parameters for heat and mass transport in the air channels 
The convective heat transfer coefficient at boundary layers (Eq. (4-24)) is 
described by the Nusselt correlations, in which the Nusselt number (Nu) is related to 
the Reynolds number (Re) (Eq. (4-25)) [189].  
   




The Nusselt number is estimated at 8.23 if the ratio of the height to the width of the 
channel is relatively small [190]. 
   




where    and    are convective heat transfer coefficient (  
   ⁄ ), and conduc-
tive heat transfer coefficient (    )⁄ .    and     denote dynamic viscosity 
(     ⁄ ) and hydraulic diameter of channel (   (   )⁄ ), respectively. 
The mass transfer at boundaries can be described using the Sherwood (  ) 
correlation (Eq. (4-27)) [191]. 
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In equations (4-26) and (4-27),    and    denote the convective mass transfer 
coefficient in (      ⁄ ) and the convective mass diffusion coefficient in the fluid. 
   and    represent the dimensionless Sherwood and Schmidt numbers, respectively. 
The numerical values of these parameters are calculated in the simulation programme 
on the basis of properties of air, including i.e. thermal conductivity and water-air 
diffusion coefficient, and the geometry of the membrane as listed in Table 4-2 
(Section 4.2.7).    denotes the Lewis factor , and is approximated with a value of 1.12 
[184].  
4.2.6 Boundary conditions 
4.2.6.1 Primary air 
 Counter-flow membrane unit 
  (   )|            ( ) 
(4-28) 
  (   )|            ( ) 
(4-29) 
4.2.6.2 Secondary air 
 Counter-flow membrane unit 
  (   )|        ( ) (4-30) 
  (   )|        ( ) (4-31) 
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4.2.6.3 Membrane layer 
 Surface of the membrane in the primary air side: 
   (     )|      
   (   )   (   )   ⁄  (4-32) 
The temperature at the surface of membrane in the primary air channel is given by 
Eq. (4-11).  
 Surface of the membrane in the secondary air side: 
   (     )|       (   )   (   )   ⁄  (4-33) 
The temperature at the surface of membrane in the secondary air is given by Eq. 
(4-12).  
4.2.7 Numerical solution of the models for mass and heat transport 
Table 4-1 summarizes the model equations. The measured material properties of 
the membrane and the numerical values of the air properties, which were discussed in 
Section 4.2.5 are presented in Table 4-2. The boundary conditions for the solution of 
these equations are given in Section 4.2.6. With this information, the system of model 
equations can be solved by applying the finite difference approach [192]. The flow 
chart of the simulation program is given in Appendix B. 
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Table 4-1: Summary of the mathematical models. 
 Type of 
conservation 
Equations 
Membrane layer Mass balance Eqs. (4-2) and (4-4) 
Energy balance Eqs. (4-11), (4-12), (4-4) 
and (4-24)  
Primary air Mass balance Eqs. (4-17) and (4-26) 
Energy balance Eqs. (4-21),(4-24) and 
(4-11) 
Secondary air Mass balance Eqs. (4-22), (4-26) 
 Energy balance Eqs. (4-23), (4-24) and 
(4-12) 
 
Table 4-2 presents the measured material properties of the membrane material. The 
material characterization of the membrane material is described in detail in Section 
5.1.  
Table 4-2: Numerical values of measured properties of the membrane layer and the air 
Material Property Unit Value 
Membrane layer’s 
properties 
(described in Section 5.1) 
Diffusion coefficient    ⁄  7.8×10-7 
Density       1500 
Specific heat capacity        1040 
Heat of adsorption      2639 
Thermal conductivity 
 
     
0.12 
Membrane thickness    0.1 
Air properties [190] 
Density       1.17 
Specific heat capacity        1005 
Thermal conductivity 
 









Diffusion coefficient of water in 
air 
   ⁄  2.2×10-5 
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4.3 Experiments  
4.3.1 Introduction 
The following section presents a description of the test-rig for analysing the 
membrane systems installed at SERIS from December 2009 to June 2013. 
Experiments were conducted in the course of this research from January 2013 to May 
2013 in order to perform the analyses and the comparison study in this chapter. 
4.3.2 Experimental set-up 
Figure 4-5 shows a schematic of the test-rig and the quasi-counter-flow membrane 
unit investigated in the experiments in SERIS. The detailed information of the 
membrane material and the structural dimensions are given in Table 4-2 and Table 
4-3, respectively. As presented in Figure 4-5, two main inlet ducts direct the humid 
and warm primary air (ambient air) and the relatively cool and dry secondary air 
(return air from the air-conditioned space) to the membrane system. In the 
experimental rig, the two outlet ducts direct the secondary and the primary air to the 
ECOS system for further dehumidification and the evaporative cooling process, 
respectively. The ducts are embedded with the temperature and relative humidity 
sensors described in Table 3-5 in Section 3.3.2.1. During the experiment, air flow 
rates can be adjusted by the use of variable speed fans. The maximum air flow rate 
that they could be achieved was approximately 220 m
3
/h (0.06 kg/s). 
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Figure 4-5: Schematic of the membrane-based mass and heat exchange unit 
investigated in the experiments at SERIS.  
Table 4-3: Parameters of the membrane-based moisture and heat exchange unit.  
Parameter Unit Value 
Membrane Height/ Length/ Width   0.37/0.34/0.34 
Area of each membrane barrier    0.13 
Membrane thickness    0.1 
Number of membranes   77 
Total supporting frames   34 
Total area of membranes    10.0 
Number of primary air channels   78 
Number of Secondary air channels   77 
Height of each air channel    2 
4.3.3 Experimental performance evaluation of the membrane unit 
The operational performance of a membrane as a mass and heat exchanger is 
evaluated on the basis of the latent and sensible effectiveness coefficients. The latent 
and sensible effectiveness are influenced by material properties, such as mass 
diffusion coefficient, thermal conductivity and membrane thickness, as well as the 
operating conditions, such as air velocity and the maximum potential dehumidi-
fication (           ) and cooling (           ) [184]. The objective is to improve 
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the membrane on the basis of optimal dimensions and materials in order to achieve 
the highest operational performance. The influence of material properties and the 
system’s dimensions on the performance of the membrane unit are discussed in 
Sections 4.4.1 and 4.4.2. 
Sensible and latent effectiveness are two performance indicators to evaluate the 
performance of the membrane unit. These indicators are defined based on the air 
conditions at the membrane’s inlets and outlets using the following two equations. 
     
            
           
 
(4-34) 
     
            
           
 
(4-35) 
The performance of the membrane-based mass and heat exchanger is 
experimentally evaluated on the basis of sensible and latent effectiveness calculated 
by Eqs. (4-34) and (4-36). Figure 4-6 and Figure 4-7 illustrate the experimental latent 
and sensible effectiveness values for the membrane unit (Table 4-3) at different air 
flow rates, and slightly different experimental inlet humidity ratios and temperatures 
as given in Table 4-4. As can be seen from these figures and Table 4-4, the latent 
effectiveness and the sensible effectiveness are influenced by the air flow rate. The 
latent and sensible effectiveness factors of the membrane decrease as the primary and 
secondary flow rates increase. This can be explained by the fact that if the primary air 
volume flow rate is increased, the volume of air does not have enough time to 
exchange the moisture and heat with the secondary air stream. Therefore, the 
differences between the humidity and temperature of the primary air at the membrane 
outlet and those at the inlet (numerators in Eqs. (4-34) and (4-35)) decrease, which 
result in lower latent and sensible effectiveness coefficients. 
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Table 4-4: Numerical values of latent and sensible coefficients  corresponding to the 









  ̅    
(Figure 4-6) 
  ̅   
(Figure 4-7)  ̅      
(gv/kga) 
 ̅      
(gv/kga) 
 ̅      
(gv/kga) 
 ̅      
(gv/kga) 
100 20.3 13.9 31.6 24.9 0.67 0.62 
150 19.8 11.3 30.1 24.3 0.64 0.58 
200 19.9 13.7 31.3 24.8 0.62 0.49 
 
 
Figure 4-6: Experimental latent effectiveness values of the membrane unit 
corresponding to different air flow rates and experimental conditions given in Table 
4-3. The presented error bars comprise the variability of 1000 experimental data 
































Figure 4-7: Experimental latent effectiveness values of the membrane unit 
corresponding to different air flow rates and experimental conditions given in Table 
4-3. The presented error bars comprise the variability of 1000 experimental data 
measured for each flow rates. 
4.3.4 Comparison between simulation and experimental results 
The experimental conditions and input parameters given in Table 4-5 are used to 
compare the simulation results with the experimental results acquired from the 
installed test-rig at SERIS.  
Table 4-5: Experimental operating conditions. 
Parameters Classifications Value 
Singapore ambient conditions 
Average temperature 31 °C 
Average humidity ratio 20        
Return air conditions 
Average temperature 24.5 °C 
Average humidity ratio 13.5        




/h (0.05 kg/s) 
secondary air 
 
Figure 4-8 and Figure 4-9 show the comparison between numerical simulation and 
experimental data for humidity ratios and temperatures at the primary channel and the 
secondary channel outlets. As seen, there is a reasonable agreement between the 




































Figure 4-8: Comparison between the simulated and experimental data for the 
humidity ratios of the primary air (a) and the secondary air (b) at the outlet of the 
membrane unit. The inlet air conditions are shown in dashed black lines. The 
experimental uncertainty of absolute humidity measurement is about           ⁄ . 
The uncertainties of measurements are given in Appendix E. 
  
(a) (b) 
Figure 4-9: Comparison between simulated and experimental data for the temper-
atures of the primary air (a) and the secondary air (b) at the outlet of the membrane 
unit. The inlet air conditions are shown in dashed black lines. The experimental 
uncertainty of absolute humidity measurement is about      . The uncertainties of 
measurements are given in Appendix E. 
4.4 Results of simulation analyses and discussion 
In this section, influences of membrane material parameters and dimensions on the 
performance of the membrane unit are analysed. In order to avoid the repetition in the 
thesis, the impact of the operating conditions on the performance of membrane unit is 
evaluated in Chapter 6.  



























 Exp - Primary (ambient) air humidity - Inlet (1)
 Exp - Priamry air humidity - Outlet (2)
 Sim - Priamry air humidity - Outlet (2)


























 Exp - Secondary (return) air humidity - Inlet (5)
 Exp - Secondary air humidity - Outlet (6)
 Sim - Secondary air humidity - Outlet (6)
























 Exp - Primary (ambient) air temperature - Inlet (1)
 Exp - Primary air temperature - Outlet (2)
 Sim - Primary air temperature - Outlet (2)






















 Exp - Secondary (return) air temperature  - Inlet (5)
 Sim - Secondary air temperature - Outlet (6)
 Exp - Secondary air temperature - Outlet (6)
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4.4.1 Variation of selected membrane’s parameters 
In this Section, the change of the performance of the membrane unit under 
parameter variation is investigated. The parameters varied are the membrane area and 
the thermal conductivity of the membrane. While one parameter varies, the other 
parameters are held constant, as given in Table 4-2 and Table 4-3. In order to simplify 
our analyses, and to narrow down the focus on the area of the membrane, it was 
assumed that the analysed membrane unit consists only of one square membrane 
layer. In these analyses, the primary and secondary airflows are 200 m
3
/h (0.05 kg/s). 
The primary air humidity ratio and the temperature are in the order of 20 gv/kga and 
31°C, and that of the secondary air was assumed to be 13.5 gv/kga and 27.7°C. 
Figure 4-10 shows the humidity ratios of the primary and the secondary air streams 
at the outlets of the membrane unit, as a function of the membrane area. Additionally, 
Figure 4-11 presents the specific water flux rate from the primary air to the secondary 
air through the membrane layer as a function of the total membrane area. As 
presented in Figure 4-11, the specific water flux is considerably high for very small 
areas due to relatively high humidity ratio difference between the air streams. 
However, the total water flux is low due to relatively small areas. Therefore, as seen 
in Figure 4-10 the primary and secondary air humidity ratios at the outlets are about 
the values at the inlets. Increasing the area of membrane may result relatively low 
specific water flux (see Figure 4-11), yet, the total water flux from primary air to the 
secondary air increases. This results in improved dehumidification performance and 
thus high humidity difference between the inlet and outlet for both air streams (see 
Figure 4-10). The latent effectiveness of membrane approaches 100% if the area of 




Figure 4-10: The humidity ratios of the primary and secondary air at the outlets as a 
function of the membrane’s area and inlet conditions. The inlet primary and 
secondary air humidity ratios are     
   
   
 and       
   
   
, respectively. Membrane 
properties and operating conditions are given in Table 4-2 and Table 4-5, respectively. 
 
Figure 4-11: Specific water flux rate as a function of total membrane area . The inlet 
primary and secondary air humidity ratios are     
   
   
 and       
   
   
, respectively. 
Membrane properties and operating conditions are given in Table 4-2 and Table 4-5, 
respectively. 
Figure 4-12 shows the outlet primary air temperature for different thermal 
conductivity values of the membrane, as a function of the membrane area. Because of 
the generated adsorption heat (Figure 4-4 and Eq. (4-5)) the primary air temperature 
increases above its inlet value for low heat conductivity of the membrane. By 
increasing the thermal conductivity of the membrane, this effect is reduced. As shown 
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in Figure 4-12, the cooling performance of the membrane unit is not significantly 
improved beyond a certain value of the heat conductivity (1    ⁄  in the example). 
Therefore, a membrane material with an optimal heat conductivity is desirable under 
specific operating parameters and area of membrane.  
 
Figure 4-12: Primary air temperature at the outlet of the air channels for different 
values of the thermal conductivity of the membrane as a function of the total 
membrane area. The inlet primary and secondary air temperatures are       and 
     , respectively. Membrane properties and operating conditions are given in 
Table 4-2 and Table 4-5, respectively. 
4.4.2 Pareto optimisation of a membrane-based dehumidification unit  
The aim is to design a membrane unit with maximum latent effectiveness. 
However, as mentioned earlier, a maximum latent effectiveness compromises 
relatively large membrane areas. A large membrane area results in both high invest-
ment costs and a large pressure drop. Therefore, a compromise between the latent 
effectiveness and the membrane area or the latent effectiveness and the pressure drop 
needs to be reached. To achieve an effective compromise, a multi-objective 
optimization-based Pareto optimality [106] is proposed. Pareto optimization provides 
a set of solutions for two criteria instead of one single optimal solution. None of these 
solutions have priority on the others, and the selection of a solution is at the users’ 
discretion [113].  
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The following Section proposes an approach to optimize the counter-flow 
membrane unit. The optimization processes of the cross-flow membrane with square 
and rectangular areas are given in Appendix C. 
4.4.2.1 Counter-flow membrane system with rectangular membrane area 
The two criteria of performance - latent effectiveness and total pressure drop, vary 
if the dimensions of membrane unit, including length, width and number of channels, 
are varied. To simplify the problem, only the length of the membrane unit that both 
air streams flow over will be varied, while the product of the number of channels and 
the inlet cross-sectional area will be set to a fixed area [                 and      ]. 
The compromise between the latent effectiveness and the total pressure drop is 
presented by the Pareto set of solutions.  
Maximizing the latent load is the first objective function, and is defined by Eq. 
(4-36). 
  ( ⃗)       (4-36) 
where  ⃗ is the input vector, including the decision variable of the length of the 
membrane,      denotes the latent effectiveness parameter (Eq. (4-37)). The decision 
variable is subject to boundary constraint as [0.1m, 5.0m]. 
     
            
           
 
(4-37) 
The second objective function is defined as the pressure drop in the membrane 
unit’s channels. 
  ( ⃗)     (4-38) 
The pressure drop can be estimated by Eq. (4-39) [178]. 
   











where    is the pressure drop in each channel in   , and   is the dynamic 
viscosity of fluid.    denotes the hydraulic diameter, which is estimated by the height 
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of the channel.   is the height of the channel and    is 48.  ̇ is the total volume flow 
rate of the fluid through the membrane unit and   is the number of channels.   and  
are the length and the width of the membrane unit.  
The Pareto curves for each inlet cross-sectional area are displayed in Figure 4-13. 
Each point represents the optimal latent effectiveness at the pressure drop corres-
ponding to the length of the membrane. As seen from Figure 4-13, both the latent 
effectiveness and pressure drop increase as the length of the membrane increases. 
Additionally, the latent effectiveness is significantly improved by increasing the inlet 
cross-sectional area. This is because the primary air velocity in a primary channel 
decreases for increased inlet cross-sectional area, whereby the primary air has enough 
time to transfer the moisture to the secondary air. Furthermore, the pressure drop 
increases with increasing the membrane length; this effect is highlighted for the 
membranes with relatively low inlet cross-sectional area (Eq. (4-39)). Consequently, 
the maximum latent effectiveness and minimum pressure drop are observed in the 
membrane unit with the largest inlet cross-sectional area,     of     
 .  
 
Figure 4-13: Multi-objective optimization for the ―counter-flow‖ membrane system 
for different values of the inlet cross-sectional areas. 
Parametric analyses were performed to obtain the dimensions of an optimal 
membrane. The length of the membrane varies from       to    with increments of 
     and the product of the number of channels and width (X=N.W (m)) is set to 
                   for five different optimization processes.  
The design curves corresponding to different specific lengths for each X are 
displayed in Figure 4-14. The maximum latent effectiveness and minimum pressure 
drop is observed in the membrane with the highest X of 400 m. However, the total 
110 
area increases rapidly with increasing length, for example from 40 m
2
 to 400 m
2
 when 
the length increases from 0.1 m to 1 m, which may increase the investment costs. 
Figure 4-14 may provide useful information to users to select a suitable design from 
the design curves. For example, in order to select a membrane unit with minimum 
latent effectiveness of 0.8 and maximum pressure drop of 200 Pa, a length of      
and an inlet specific ( ) of     should be chosen. 
 
Figure 4-14: The parametric analyses of the ―counter-flow‖ membrane system for 




5 CHARACTERISTICS OF MEMBRANE AND DESICCANT MATERIALS 
Prior to the simulation process of the ECOS and membrane systems, some 
necessary key parameters of the desiccant material and membrane material should be 
characterized. In this Chapter, the properties of the membrane and solid desiccant 
materials are experimentally determined and analysed. 
5.1 Characterization of the membrane material 
This section presents the experiments and the material characterizations of the 
membrane including 1) surface morphology characterization, 2) adsorption charac-
teristics, 3) mass transfer properties and 4) adsorption isotherm properties. The 
experiments were performed in collaboration with the Sorption Technology group at 
Fraunhofer ISE. 
5.1.1 Surface characteristics 
5.1.1.1 Surface morphology characterization by SEM images 
The surface morphology of the dense membrane material was characterized using a 
Scanning Electron Microscope (SEM: FEIQUANTA 200F, The Netherlands). The 
SEM was chosen to produce a high-resolution image from the surface of the highly 
dense membrane revealing details down to the 1 nm level. To perform the experiment, 
an acceleration voltage of 15 kV was applied. Additionally, since the membrane 
material is electrically non-conductive, the surface of the membrane was coated with 
a sputter-deposited gold film (JEOL JFC-1600 Auto fine coater, Japan). In this 
section, the surface morphology of the membrane material for two experimental con-
ditions was examined. In the first investigation, the membrane material was exposed 
to humid ambient air (~18 gv/kga). In the second experiment, the membrane material 
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was dried in a vacuum-oven at 60°C for 14 hours. The captured SEM images for two 
experimental conditions are shown in Figure 5-1. As can be seen, the membrane 
material is very dense, the pores are not distinguished easily from the SEM images, 
and the surface of the membrane is impregnated with crystals. The properties of the 
crystals were measured and are presented in the next section.  
The comparison between each pair of images captured under different humidity 
conditions shows a slight change in the surface morphology after drying the 
membrane material. The wetted membrane has a fairly smooth surface due to swollen 
membrane; furthermore more solvable material is dissolved compared to the dried 
membrane material. When the membrane material is dried, some cavities, pores, 










Figure 5-1: SEM images of the membrane surface. The images on the left show the 
surface morphology of the wetted membrane material exposed to humid ambient air. 
The images on the right present the surface morphology of the dried membrane. 
(a) SEM magnification 1000 , (b) SEM magnification 3500 , (c) SEM 
magnification 5000 . The visible crystals are salt on the surface of the membrane 
layer (see Section 5.1.1.2). 
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5.1.1.2 Characterization of impregnated soluble salt using XRD 
 X-ray diffraction (XRD) was applied to determine the atomic and molecular 
structure of the crystallites at the surface of the membrane. This approach identifies 
the distance of lattice planes. These values can then provide information about the 
type of material by providing its chemical formula of crystal [193]. 
The analysis was performed with a Bruker-D8 X-ray diffraction system from 
Bruker AXS (Karlsruhe, Germany). The XRD pattern of the membrane’s crystals is 
presented in Figure 5-2. The first peak corresponding to the crystallites is registered at 
16º and the measurement indicates that the material is ―potassium dihydrogen 
phosphate‖ (      ). Its crystal structure is tetragonal (see Figure 5-3) which has 
the same structure as the crystals shown in Figure 5-1. The other two peaks at 22º and 
43.5º correspond to the membrane material and the sample holder, respectively. 
 
Figure 5-2: X-ray diffractogram of the crystals at the membrane surface. 
 
Figure 5-3: Crystal structure of the potassium dihydrogen phosphate [194]. 
5.1.1.3 Contact angle measurement 
A contact angle measurement was performed to study the surface wettability of the 
membrane material. This method is considered as a reliable method to identify the 
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surface hydrophilicity and hydrophobicity of materials. The contact angle measure-
ments were performed based on the sessile drop technique using a video contact angle 
measurement system (VCA Optima, AST Products, Billerica, MA, USA). For the 
experiment, the measurement system was set to drop a distilled water droplet (1.0 μL) 
on the membrane surface. Since the droplet is quickly adsorbed by the absorbent, the 
contact angles were measured dynamically and the images were captured every 0.017 
seconds. Figure 5-4 presents the droplet forms and average values of left and right 
contact angles between the micro droplets and the membrane surface at different time 
steps. As can be seen, the contact angles are less than 90º (56.0º) at the initial time 
step; the contact angle decreases dramatically with time and the droplet is about to 
vanish after about 0.2 seconds. These observations confirm that the membrane surface 
is highly hydrophilic and an absorption process takes place. 
 
Figure 5-4: Contact angles of the distilled water droplet on the membrane surface at 
different time steps. 
5.1.2 Ad-absorption characterization of the membrane  
Prior to the simulation of the membrane unit, it is considered necessary to 
characterize the sorption isotherm of the membrane coated with salt crystals and to 
quantify the generated sorption/desorption heat of water. In order to perform ad-
absorption characterization of the membrane in reaction with water, a water vapour 
sorption analyser (Hydrosorb 1000HT, Quantachrome Instruments, Florida, USA) 
was applied. Figure 5-5 presents Hydrosorb 1000HT. The main working principle of 
the Hydrosorb 1000HT is based on the measurement of water vapour pressure in a 
constant volume of a sample cell. The amount of adsorbed water by sample is 
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calculated on the basis of water vapour changes in a constant volume. Higher 
adsorbed water results in higher pressure drop in the constant sample’s volume. The 
amount of adsorbed water vapour depends on the water-substrate molecule reactions, 
temperature, water vapour concentration (relative pressure) and exposed surface area 
of the material [195]. In addition to the adsorption isotherm property, the heat of 
adsorption isotherm is calculated using the HydroWin software and the measured 
volume-pressure data. 
 
Figure 5-5: Water vapour sorption analyser (Hydrosorb 1000HT). 
To prepare the material sample, membrane material was cut into very small pieces 
and placed in the sample cell. The sample was outgassed by Hydrosorb-Degasser at 
80°C for 17 hours in order to remove water and contaminants. Thereafter, the sample 
was cooled. The dried mass was weighed with a Sartorius CPA225D-0CE, whereby 
the accuracy was 5%. The sample cell was then placed in the Dewar flask (external 
water bath) to maintain the temperature for an adsorption isotherm analysis. The 
isotherm temperature was manually set to 313 K (40°C) (  0.5 K). The temperature 
uncertainty may influence the saturation pressure, and thus the relative pressure and 
density of the adsorbate, however, this effect is negligibly small [196]. The experi-
mental conditions were controlled by the HydroWin software. The experiment lasted 
about 8772 minutes (~6 days). The main reason for this long duration was that the 
time required to reach equilibrium at each relative pressure was quite long. 
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5.1.2.1 Water ad-absorption isotherm 
Since the membrane is impregnated by solute salt, it is expected that the reaction 
between the membrane and water molecules involves both adsorption and absorption. 
The water-membrane ad-absorption isotherm is presented in Figure 5-6. As can be 
seen, the water-membrane adsorption/desorption isotherm is in category type IV 
defined by IUPAC due to the adsorption curve and hysteresis. The ad-absorption 
isotherm curve shows a concave-downward curvature at low pressure followed by a 
convex dependence. As seen, there is a slight knee at 0.05-0.1 of the relative pressure 
which explains the formation of a monolayer adsorbate in the micropores. The graph 
indicates that the adsorbed layer thickness in the mesopores increases as the relative 
pressure increases. At the relative pressure about 0.5, the adsorbed mass increases 
dramatically with increasing relative pressure, and the isotherm becomes convex with 
respect to the  -axis which shows the formed solution prompts the absorption of more 
molecules and capillary condensation. In order to avoid condensation, the experiment 
was terminated at a relative pressure of 0.8. 
The ad-absorption process was followed by a desorption process. As can be seen in 
Figure 5-6, there is a hysteresis in the adsorption/desorption isotherm curve. This 
phenomenon occurs because of existence of solution [197]. Due to existing solution 
and crystallization of the solute, the evaporation of the liquid takes place at lower 
pressure. Additionally, the hysteresis loop is approximately closed at low pressure. 
The reason for the low-pressure hysteresis is the presence of microporosity [198]. 
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Figure 5-6: Water ad-absorption isotherm at 313 K (40°C) . Water ad-absorption 
isotherm is in category of type IV. Ad-absorption isotherm curve is presented in blue 
colour and the desorption isotherm curve is in red. 
5.1.3 Sorption heat 
The process of sorption is often accompanied with the released heat. The heat of 
sorption is featured by the binding and condensation heats released during the 
adsorption process (see Section 2.2.1.3). The sorption heat can be calculated from a 
series of sorption isotherms at different temperatures. In this study, the two sets of 
adsorption isotherms at 25 and 40 °C were selected to calculate the heat of sorption on 
the basis of the Clausius-Clapeyron equation (Eq. (5-1)). 
     
       
(     )
  (    ⁄ ) 
(5-1) 
where   and    (     ) are the isotherm temperature (K),    and    are the 
partial pressure (bar) and Rg is the gas constant 8.314 (J K
−1 mol−1). 
Table 5-1 presents the calculated heat of adsorption using the values of partial 
pressure and two isotherm temperatures (25 and 40 °C). As can be see, the heats of 
sorption are about similar for the first five experiments and there is slight deviation 
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for the last two experiments compared to other experiments. The value of 2640 kJ/kg 
was selected for the simulation of the membrane unit in Chapter 4. If the condensation 
heat is about 2450 kJ/kg at 25ºC (corresponding to 44 kJ/mol), the binding energy is 
about 190 kJ/kg [176]. 
Table 5-1: Calculated heat of sorption using the sorption isotherms at two 
temperatures. 
Isotherm values at  
           
Isotherm values at 
































0.2 0.08 6.50 0.2 0.07 15.14 47.5 2640 
0.3 0.10 9.67 0.3 0.09 22.52 47.5 2640 
0.4 0.14 12.84 0.4 0.13 29.90 47.5 2640 
0.5 0.17 16.0 0.5 0.17 37.29 47.5 2640 
0.6 0.19 18.57 0.6 0.24 44.67 48.2 2675 
0.7 0.19 21.49 0.7 0.36 52.05 48.5 2695 
5.1.4 Effective diffusion coefficient  
The effective diffusion coefficient is the main parameter characterizing the mass 
transfer mechanism through the membrane. Although some analytical approaches 
have been introduced [199,200] to calculate the diffusion coefficient using diffusion 
mechanisms like Knudsen and surface diffusion, these approaches are not applicable 
for applied membrane material due to its dense structure and coated salt crystals. 
Therefore, the effective diffusion coefficient was estimated using a well-proven and 
simple ―upright cup‖ method described in the ASTM standard E96 (Water Vapour 
Transmission of Materials) [201]. Figure 5-7 illustrates a cup and a schematic of an 
upright cup for measurement of water transfer rate. To perform the measurements, a 
small piece of the membrane was prepared with a diameter of 1.5 cm. The specimen 
was placed on the bore of the permeability cup and sealed using gasket and wax in 
order to guarantee that water vapour permeates only through the membrane. The 
measurement was initiated after a period of time when the water temperature reached 
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the environment temperature and the air in the air gap was saturated with the water 
vapour. The cup and the distilled water contained in the cup was weighted by a high 
precision balance Sartorius CPA225D-0CE at an initial time and the subsequent time 
intervals (every few hours). 
 
Figure 5-7: Schematic of an upright cup for water permeability measurement (ASTM 
96E). The water vapour transfer rate is influenced by three resistances including the 
convective resistance Rconv (s/m), the diffusion resistance in the membrane Rm (s/m) 
and water vapour resistance in the air gap Rair (s/m). 
The water vapour diffuses through the membrane from the high concentration side 
(air gap) to the low concentration side (environment) with the specific water vapour 
rate of  (      ⁄ ). The water vapor transfer rate through a membrane area (  in 
  ) can be calculated based on the amount of mass changes (  in   ) over the time 
(  in  ) using the following equation. 
  
 
   
 
(5-2) 
Using Fick’s law (Eq. (4-4)) presented in Section 4.2.2, Eq. (5-3) is presented to 
calculate the total mass resistance Rtot (s/m) if the measured values for  ,      and    
are given.  
     
  
 
(       ) 
(5-3) 
As presented in Figure 5-7, the total mass resistance comprises three mass 
resistances including the convective resistance Rconv (s/m), the diffusion resistance in 
the membrane Rm (s/m) and water vapour resistance in the air gap Rair (s/m). Rconv can 
be calculated using the convective mass transfer coefficient (k) (Rconv=1/k) and Rair is 
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calculated based on the water vapour diffusion in air. The membrane resistance (Rm) 
thus can be calculated using the following equation: 
                   (5-4) 
where         ⁄  and          ⁄ . Parameter   is the convection mass 
transfer coefficient which is calculated using Eq. (4-26).       is then calculated as 
110.3 s/m corresponding to the air velocity of about 2 m/s in the climate chamber.    
is the height of air gap under the membrane layer which is about 1 cm in this 
experiment, and    is the water vapour diffusion coefficient in the air which is 
             ⁄  at     [154]. Thus, the air resistance (    ) is 390 s/m. In Eq. 
(5-2), the total mass resistance can be calculated using the measured specific water 
transfer rate ( ) based the measured rate of mass change (  ⁄ ). Figure 5-8 presents 
the mass change of distilled water due to diffusion of water through the membrane 
thickness (       ) at two environment conditions including average 
environment temperatures of 22°C and 30°C, and humidity ratios of 0.01       and 
0.019      , respectively. The slopes of the curves present the rate of mass change 
(G/t) and dividing these values to the area of membrane results in the specific water 
vapour rates (see Eq. (5-2)). As the results of the calculations, the specific water 






Figure 5-8: Measured variation of the mass water against the time. The top graph (a) 
is the mass change at the average environment temperature of 22°C and humidity 
ratio of 0.01      . The bottom figure (b) is the mass change at the average environ-
ment temperature of 30°C and humidity ratio of 0.019      . The red dots are the 
measured values and the dashed blue line is the curve fit. R
2
 is the coefficient of 
determination. 
Table 5-2 provides the calculated specific water vapour transfer rate and the 
effective diffusion coefficients based on two sets of experiments. As presented in 
Table 5-2, the specific water vapour transfer rate is influenced by the value of the 
driving force (       ). The values of effective diffusion coefficients (      ) are 
slightly different depending on the different experimental conditions and the 
uncertainties in measurements of mass and in controlling the climate chamber 
conditions. The value of 7.8×10
-7
 is selected as the diffusion coefficient for the 
simulation. 
Table 5-2: Calculation of the effective diffusion coefficient. 
             
     
(Eq. 
(5-3)) 
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(5-4)) 









       ⁄      ⁄        ⁄    ⁄    ⁄     ⁄     ⁄  
Condition 1 22 0.01 0.017 1.1×10
-5






Condition 2 30 0.019 0.027 1.3×10
-5




5.1.5 Heat conductivity and heat capacity of the membrane material 
Since the applied membrane performs as mass and heat exchange unit, the thermal 
conductivity of the membrane material is an important parameter to be characterized 
for simulation of the heat transfer process. LFA 467 HyperFlash (NETZSCH-
Gerätebau GmbH, Germany) was applied to measure the thermal conductivity of the 
material on the basis of the calculated thermal diffusivity
3
 and the measured heat 
capacity of membrane material. A schematic of the LFA447 NanoFlash is presented 
in Figure 5-9. The working principle of the LFA machine is developed on the basis of 
the flash method. At an isotherm condition, the xenon flash lamp flashes on the 
bottom side of the sample. The sample absorbs energy and is heated up. The 
temperature at the other side of sample is measured by an infrared (IR) temperature 
detector. The time that the temperature reaches its maximum is recorded and used for 
calculation of the thermal diffusivity.  
 
Figure 5-9: Schematic of the LFA447 NanoFlash for accurate measurement of the 
thermal diffusivity and thermal conductivity of material [202]. 
Prior to calculation of the thermal conductivity, the heat capacity of the membrane 
material has to be measured. To do so, a thermal analyser (DSC Sensys EVO - 
SETARAM Instrumentation, Caluire, France) was applied to measure the specific 
heat capacity at different temperatures in the 20-50°C range.  
                                                 
3
 Thermal diffusivity: Ability of a material to conduct the heat compared to its ability to store 
the heat.  
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Figure 5-10: Specific heat capacity of the membrane material at different 
temperatures in the 20-50°C range. 
While the values for the thermal diffusivity and the heat capacity of the membrane 
material are known the thermal conductivity of the material can be calculated using 
the following equation (Eq. (5-5). Figure 5-11 illustrates the calculated values of the 
thermal conductivity of the membrane material on the basis of measured thermal 
diffusivity and the specific heat capacity. For this calculation, it is assumed that the 
density of the membrane material is constant in the temperature range of 20-50°C and 
is equal to 1500 kg/m
3
. Since the operating temperature of the membrane unit installed 
in the air-conditioning system was in the range of 20-35°C, the thermal conductivity 
was assumed as 0.12    ⁄  for the simulation purpose. 
 ( )   ( )  ( )  ( ) (5-5) 
where   is the thermal conductivity,   is thermal diffusivity,   is specific capacity 
heat and   is density of material. 
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Figure 5-11: Thermal conductivity of the membrane material at different temperatures 
in the range of 20-50°C. 
5.2 Adsorption characteristics of desiccant materials 
5.2.1 Introduction 
The primary merit of the characterization of material properties such as adsorption 
isotherms (water uptake), thermal conductivity and mass transfer coefficient is that 
they are essential to simulate the performance of adsorbent materials. Theories of 
adsorption, classification of adsorption isotherms and the heat of adsorption are 
described in details in Section 2.2.1. The measurements and material characteristics 
presented in this section draw from a collaboration with Fraunhofer ISE. The 
adsorption characterization was carried out by Sorption Technology group at 
Fraunhofer ISE. The following sections present the detailed material properties of the 
silica gel (grace 123B) that is used in the simulation and the dehumidification analysis 
of the ECOS unit in Chapter 3. 
5.2.2 Adsorbent (silica gel 123B) properties 
The core of the ECOS unit is a desiccant material that is coated on a heat 
exchanger (see Figure 3-1). The selected desiccant material is a silica gel (grace 
123B) which has been widely applied in open dehumidification systems [41,203]. 
This material is highly porous with high surface area which can absorb water up to 
about 40% of its dry mass without swelling [130]. Figure 5-12 illustrates the silica gel 
pellets coated on the heat exchanger’s aluminium plates in form of desiccant beds 
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(left image) and the magnified view of pellets (right image). The detailed physical, 
surface and thermodynamic properties of the silica gel (123B) are given in Table 5-3.  
 
Figure 5-12: Silica gel (grace 123B) pellets coated on the heat exchanger using epoxy 
resin (left). A magnified view is shown at the right. The grey background colour in 
the right image is the epoxy resin [41]. 
Table 5-3: Adsorbent properties (Granular silica gel, Grace 123B) [130]. 
Property Specification 
Chemical composition      
Specific surface area        ⁄  
Specific heat capacity           
Thermal conductivity           
Specific pore volume         
Average pore diameter       
Particle diameter            
Bulk density           
Maximum water content of silica bed 0.37         
5.2.3 Adsorption characteristics 
The presented adsorption characterization and measurements in this section were 
carried out at the Sorption Technology group at Fraunhofer ISE and some data are 
reported in the PhD thesis of Schawe [130]. Thermogravimetric measurements were 
performed in order to determine the adsorption isotherm (water uptake) and the heat 
of adsorption. Figure 5-13 shows a schematic of the thermogravimetry device (TG). 
In thermogravimetry, a thermogravimetric balance is used to measure the weight 
change of the sample material as a function of temperature and pressure of the 
surrounding water vapour. While the water vapour partial pressure is controlled by 
heating the water bath (a water reservoir) in the left chamber and applying a vacuum 
pump, the temperature is controlled electrically. The adjustment of the temperature of 
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the water bath, the electronic valves and the vacuum pump can provide an isobaric 
condition for the measurements. Additionally, isotherm conditions can be created 
using the heater/cooler. To measure weight change of the sample, a sample crucible is 
attached to an electromagnetic clutch in the evacuated sample chamber. The magnet 
lifts the sample and the transferred force to the microbalance is measured during the 
experiment. The measurements can be carried out at desirable temperatures and 
pressures with an accuracy of       and   , relatively. 
 
Figure 5-13: Schematic of the thermogravimetry device (TG) [129]. 
5.2.3.1 Adsorption isotherm (Water uptake) 
The thermogravimetry device (TG) was applied at the isotherm conditions in order 
to measure the adsorption isotherm (water uptake) of the water-silica gel system. 
Figure 5-14 presents the measured mass loading against the relative pressure and also 
the fitted curve for the adsorption isotherm of water-silica gel (123B). The fit function 
and its coefficients’ values generated by fitting program are presented in Eq. (5-6) and 
Table 5-4. The isotherm function is then used for the simulation of the ECOS system 
in Chapter 3. 
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Figure 5-14: Measured specific water content (  ) corresponding to the relative 
pressures ( ) for the adsorption isotherm of water-silica Gel Grace 123B. Isotherm 
measurements were performed at 25 ºC. 
  ( )            
     
     
  (5-6) 
Table 5-4: The values of fitted parameters of the function (Eq. (5-6)) for the 
adsorption isotherm of water-silica gel (123B). 
Parameters                R² 
Values                                                      
 
5.2.3.2 Heat of adsorption (adsorption potential) 
The adsorption potential can be calculated using Dubinin’s theory (see Section 
2.2.1.3), if the isobaric adsorption of the water-silica gel system at different 
temperatures is measured. Figure 5-15 illustrates such an isobaric measurement of 
water desorption in silica gel (123B). The measurement was performed in desorption 
phase because the controlling of the heater is easier performed and faster than the 
control of the cooler. Additionally, the thermal equilibrium for desorption process is 
achieved faster than that of the adsorption phase. Desorption isobars can be measured 
by starting at a low temperatures and increasing the sample temperature while the 
partial pressure is kept constant (here is 56 mbar). The adsorption potential is then 
calculated by mapping the measured data (three variables (        )) using the 
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Dubinin’s theory to the characteristic curve which is a function of the specific volume 
of the adsorbate (  ) and the adsorption potential (    ) only (see Section 2.2.1.3). 
Figure 5-16 illustrates mapped data from the measured data obtained by the isobaric 
thermogravimetric measurements at three different pressures. The fitted characteristic 
curve relates specific volume of the adsorbate (  ) and the adsorption potential (    ) 
independent of the temperature. The experimental data presented in Figure 5-16 are 
fitted using the Lorentzian cumulative function (standard function for characteristic 
curves) given in Eq. (5-7). The respective parameters’ values are given in Table 5-5. 
The characteristic curve is applied as the property of silica gel in simulation of the 
ECOS unit in Chapter 3. 
 
Figure 5-15: Isobaric water desorption in Silica gel (grace 123B). Measurements were 
performed at a partial pressure of 56 mbar. 
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Figure 5-16: Fitted characteristic curve (Dubinin theory) based on measured isobaric 
desorption data of the water-silica gel system (see Figure 5-15). 
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Table 5-5: Fitted parameters of the characteristic curve  (see Eq. (5-7)) of water-silica 
gel system. 
Parameters         R² 
Values                                                  
Unit     ⁄    ⁄    ⁄      ⁄   
 
The heat of adsorption for the ad-/desorption process can be calculated as a 
function of    as a sum of the values of the adsorption potential      (Eq. (5-7)) and 
the heat of condensation of water vapour (44      ⁄ , 2440   ⁄ ). 
The value of the specific water content can be calculated from the specific volume 
of the adsorbate (  ) using Eq. (5-8) if the density of adsorbate is known. The density 
of adsorbate can be estimated by the density of water at a specific temperature. 
   
     
     






6 PERFORMANCE EVALUATION OF A TWO-STAGE DEHUMIDIFICATION 
AND ENERGY RECOVERY SYSTEM 
6.1 Introduction 
The aim of this chapter is to evaluate the performance and principle design of a 
two-stage dehumidification system consisting of a membrane and an ECOS units. The 
evaluation is done in consideration of the following points: 
1. Performance evaluation of the system for different operating parameters 
including air flow rates, regeneration temperatures and the 
adsorption/desorption time 
2. Performance evaluation of the system based four different conceptual air 
flow configurations. 
6.2 Description of the two-stage dehumidification system 
Figure 6-1 presents a schematic diagram of the analysed two-stage dehumidi-
fication system and the psychrometric presentation of the air conditions in the two-
stage dehumidification system. In the first stage (process: 1 to 2), the warm and humid 
ambient air is pre-dehumidified and pre-cooled by the membrane unit. Thereafter, in 
the second stage (process: 2 to 3), the pre-dehumidified process air is supplied to the 
ECOS system to be dehumidified to the desired humidity set-point (state 3). The 
dehumidification and cooling processes in the membrane unit are driven by the 
humidity and temperature gradient between the warm and humid ambient air (primary 
air) and the relatively dry and cool return air (secondary air) from the conditioned 
room (process: 4 to 5). The cooling air leaving the membrane unit is discharged to the 
ECOS system to allow for an evaporative cooling process inside the ECOS system 
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(process: 5 to 6). Solar thermal energy or waste heat is used for the regeneration of the 





Figure 6-1: Schematic diagram of a two stage-dehumidification system. MU stands 
for the membrane unit, and HX stands for the heat exchanger. As the heat source, 
solar thermal energy or waste heat is considered. Electric energy is used for air 
transport only. State 1: Singapore ambient conditions, State 2: pre-dehumidified and 
pre-cooled air, State 3: dehumidified air, State 4: return air from conditioned space, 
State 5: humidified and warm cooling air after membrane, State 6: saturated cooling 
air after the evaporative cooling process in the ECOS system. For simplicity in 
drawing the counter-flow membrane is presented as cross-flow membrane. The lines 
show the connectivity between the states, not the processes.  
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6.3 Comparison between simulations and experimental data 
The detailed numerical models of the membrane and the ECOS systems presented 
in chapters 3 and 4 are integrated to form a model of the two-stage dehumidification 
system in the simulation environment TRNSYS (TRNSYS 17.1). The flow chart of 
the simulation program is given in Appendix D. The simulation results are then 
compared with the data acquired experimentally at SERIS. Thereafter, the model is 
applied in order to evaluate the operating parameters and the different conceptual 
configurations under Singapore climate conditions.  
Figure 6-2 presents the two-stage dehumidification prototype installed at SERIS, 
Singapore (December, 2010 - June, 2013). The operating principles and detailed 
information on the membrane and the ECOS systems are discussed in Chapters 3 and 
4, respectively. The dimensions of the ECOS prototype and the membrane system are 
summarized in Table 6-1. 
 
Figure 6-2: Two-stage air-dehumidification system at the Solar Thermal Laboratory, 
SERIS. 
Table 6-1: Properties of two-stage air-dehumidification system installed at the Solar 
Thermal Laboratory, SERIS. 
System Parameter Unit Value 
ECOS system 
ECOS Height/ Length/ Width m 0.4/ 0.4/ 0.4 
Number of process and cooling channels - 35/34 
Total adsorption bed surface m² 10.6 
Thickness sorption material mm 1.0 
Channel height - process air mm 5.0 
Channel height - cooling air mm 3.0 
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Membrane unit 
Membrane Height/ Length/ Width   0.37/0.34/0.34 
Area of each membrane    0.13 
Membrane thickness    0.1 
Number of membranes   77 
Total supporting frames   34 
Total area of membranes    10.0 
Number of primary air channels   78 
Number of secondary air channels   77 
Height of each air channel    2 
 
In order to acquire accurate experimental data for comparison with the simulation 
calculations, the air-conditioning system was typically run for 2 hours to ensure that 
room air condition is stable. The experimental conditions are given in Table 6-2. 
System operates under            condition which means the total cycle or 
adsorption time is      . Regeneration time is       and the time for pre-cooling 
processes is     . 
Table 6-2. Experimental operating conditions. 
Parameters Classifications Value 
Singapore ambient air 
Average temperature 30.5 °C 
Average humidity ratio 20        
Return air from conditioned 
space 
Average temperature 24.5 °C 
Average humidity ratio 
13.5        
 
Cycle time 
Adsorption  15 min 
Regeneration  13min 
Pre-cooling  2 min 




/h (0.05 kg/s) Cooling air 
Regeneration air 
Regeneration air temperature  85°C 
 
For the comparison between simulation and experiment, a period of 4 cycles (equal 
to      ) is selected from the total operating period in a day. The data was recorder 
every second. Figure 6-3 illustrates the comparison between simulation and experi-
mental results for the air at the outlet of ECOS system. The simulation is run using 
measured data of the ambient air and return air from the conditioned space. There is a 
reasonable agreement between simulation and experimental results in all 4 cycles. The 
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poor fit at the initial stage of each adsorption cycle can probably be justified by the 
following two reasons: 
1. the applied isotherm charactristic curve of the adsorbent, (see Figure 3-8 in 
Chapter 3), does not behave like that of the real desiccant bed at relatively 
high temperatures, 
2. the empirical equation used for modelling the adsorption heat (see Eq. (3-8), 
Chapter 3) is not sufficiently correct. 
As illustrated in Figure 6-3(a), the ambient air is pre-dehumidified by the 
membrane unit by the average order of         . In the next step, the pre-
dehumidified process air is further dehumidified in one of the ECOS adsorbers by 
            on the average. In addition, as can be seen from Figure 6-3(b), the 
ambient air is cooled down by    in the membrane unit. During the adsorption 
process in the ECOS units, although the process air is heated by the released 
adsorption heat, the average dehumidified process air temperature is still not much 
higher than the ambient air temperature; this is due to the evaporative cooling effect in 






Figure 6-3: Comparison between simulation and experiment for the process air at the 
outlet of the two ECOS units (working alternatively). Regeneration temperature is 
   , air flow rates are        . The comparison of the humidity ratio is shown in 
(a) and of the air temperature in (b). The total operation time for the 4 cycles is 60 
min, adsorption time is 15 min, regeneration time 13 min and pre-cooling time 2 min. 
The process air temperature is averaged over the 60 min measurement period. 
6.4 Parametric evaluation of operating conditions 
6.4.1 Air flow rates and regeneration temperatures 
The dehumidification performance of the two-stage dehumidification system was 
evaluated for different combinations of process air flow rates (100, 200 and 300    
 ) and regeneration temperatures (65, 75, 85, 95 ) using identical experimental inlet 
air conditions and air flow rates as given in Table 6-2. 
Figure 6-4 illustrates the dehumidification performance of the two-stage 
dehumidification system for different combinations of airflow rates and regeneration 
temperatures. The dehumidification performances of the membrane and the ECOS 
system decrease with increasing process air flow rate. This behaviour of the mem-
brane unit is discussed in more detail in Section 4.3.3. The reduced dehumidification 
in the ECOS system for increased air flow rates can be explained by the following 
reason. The amount of water vapour to the ECOS system increases if the mass flow 
rate is increased. Since the desiccant material can adsorb only a certain amount of 
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water from the humid process air, the water content of the process air at the outlet 
increases under increased air flow rates.  
From Figure 6-4, it is also observed that the ECOS dehumidification performance 
increases with the increase of the regeneration temperature. The reason is that, at 
higher regeneration air temperatures, more moisture is desorbed from the desiccant 
bed during the regeneration time. This results in a drier desiccant bed and better 
dehumidification in the next adsorption process. 
 
Figure 6-4: Simulation results of the dehumidification performance(reduction in air 
humidity ratio) of the two-stage dehumidification system, for different regeneration 
temperatures (65 to 95  ) and different air flow rates (100 to 300    ). The 
numbers in the blue bars and in the red bars are the dehumidification values in the 
membrane and ECOS system. Ambient air humidity ratio and temperature are 
stipulated as           and      , respectively. Properties of the two-stage 
dehumidification system are given in Table 6-1. 
The performance of the dehumidification system can also be characterized by two 
performance indicators including the removed enthalpy and the thermal coefficient of 
performance (COP). The removed enthalpy of the system (Eq. (6-1)) is here defined 
as the difference between the enthalpy of ambient air entering the system (state-1 in 
Figure 6-1) and the enthalpy of dehumidified air leaving the system (state-3 in Figure 
6-1). Both dehumidification as well as the temperature reduction of ambient air deter-
mines the removed enthalpy. The thermal coefficient of performance (COP) is calcu-
lated as a ratio of the removed enthalpy and the regeneration heat (Eq. (6-3)). The 
required heat for the regeneration process is calculated as the difference between the 
enthalpy of the regeneration air after the heat exchanger (shown in Figure 6-1(a)) and 
the enthalpy of the ambient air (Eq. (6-2)). Analyses of simulation or experimental 
data are carried out in a specified period of time (  ) calculated by (       ). 
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 ̇         ̇(∫ (        ( )         ( ))
    
  
  )   ⁄  
(6-1) 
 ̇     ̇(∫ (             ( )          ( ))   
    
  
)   ⁄  
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            ̇         ̇    (6-3) 
Figure 6-5 shows the removed enthalpy from the process air and the thermal COP 
of the two-stage dehumidification system as a function of the same operating 
parameters as in Figure 6-4. The removed enthalpy increases remarkably with the 
increase of the airflow rate, and increases slightly with an increase of the regeneration 
air temperature. The effect of the airflow rate and the regeneration air temperature on 
the removed enthalpy can be explained by the impact of these factors on the latent and 
sensible loads. The removed latent and sensible loads from ambient air are directly 
proportional to the process airflow rates ( ̇             ̇   and ̇          
 ̇   ). Therefore, the total latent and sensible load removed by the ECOS system 
increases with increasing process air flow rate, which finally results in enhanced 
removed enthalpy and subsequently an enhanced COP (see Eqs. (6-1)-(6-3)). 
Furthermore, as presented in Figure 6-4, if the pre-cooling effect is efficient enough, 
an elevated regeneration air temperature results in a dried desiccant bed. The well-
dried desiccant material can absorb more water from humid air. Consequently, the 
removed enthalpy is improved for increased regeneration temperature. 
Moreover, as seen in Figure 6-5 the thermal COP of the system decreases 
dramatically for increased regeneration air temperatures. It can be explained by Eqs. 
(6-2) and (6-3). Elevated regeneration temperature requires higher regeneration heat 
resulting in lower thermal COP. The airflow rate does not influence the thermal COP 
significantly because of equal process and regeneration air flow rates. 
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Figure 6-5: Simulation results for removed enthalpy and thermal COP of the two-
stage dehumidification system for different regeneration temperatures (65  to 95 ) 
and different process air flow rates (100 to 300    ). Other operating conditions are 
listed in Table 6-2. 
6.4.2 Adsorption, pre-cooling and regeneration time 
In this section, the impact of the adsorption/regeneration/pre-cooling time intervals 
on the dehumidification performance, removed enthalpy from the process air and the 
thermal COP of the two-stage dehumidification is analysed. The simulation is run for 
5 different cycle times (10, 15, 20 and 40 min) with experimental operation/input 
conditions as given in Table 6-2. 
Since it is stipulated that the air flow rate is the same under all five operating 
condition, the dehumidification performance in the membrane unit does not change. 
Therefore, the total system performance varies according to the ECOS system’s 
performance. As seen from Figure 6-6, the best dehumidification performance of the 
ECOS unit is reached for 15/13/2 min (see caption to Figure 6-6). The dehumidi-
fication process shown in Figure 6-7 explains this. As seen, the highest dehumidi-
fication (difference between inlet and outlet humidity) occurs at the first 10-15 
minutes. The dehumidification is reduced by increasing the adsorption time due to 
increased water content of the desiccant bed. As shown in Figure 6-6, the dehumidi-
fication performance of the ECOS system is higher for 15/13/2 min compared to the 
10/8/2 min. This is because the regeneration of the adsorber in this case is not enough 
to desorb the adsorbed water sufficiently complete during the 8 min interval. In 
contrast, a regeneration time of about 13 min proves to be enough for a relatively 
complete regeneration process.  
The dehumidification values shown in Figure 6-6 are in line with the values of 
removed enthalpy and COP given in Figure 6-8. The dehumidification performance is 
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higher for lower adsorption time. As a result, the enthalpy removed from the 
dehumidified air, and thus the COP, are high for lower adsorption time intervals. 
 
Figure 6-6: Simulation results of the dehumidification performance of the two-stage 
dehumidification system, for different periodic adsorption/regeneration time intervals. 
The numbers in the blue bars and in the red bars are the dehumidification values in 
membrane and ECOS systems. n/m/i indicates that the adsorption time is ―n‖ minutes, 
the regeneration time is ―m‖ and pre-cooling time is ―i‖ minutes, so that regeneration 
time is (   ) minutes). Other operating conditions are listed in Table 6-2. 
Properties of the two-stage dehumidification system are given in Table 6-1. 
 
Figure 6-7: Adsorption process in the ECOS system (experimental data for 
regeneration temperature at     and air flow rate 200    ). 
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Figure 6-8: Simulation results for the removed enthalpy and thermal COP of the two-
stage dehumidification system for different adsorption/regeneration time intervals. 
n/m/i indicates that the adsorption time is ―n‖ minutes, the regeneration time is ―m‖ 
and pre-cooling time is ―i‖ minutes, so that regeneration time is (   ) minutes). 
Other operating conditions are listed in Table 6-2. 
6.5 Conceptual system configurations 
The aim of this section is to evaluate different conceptual system configurations of 
a two-stage dehumidification system – in particular with respect to different air-flow 
patterns – and to identify favourable configurations for tropical climate conditions. 
The dehumidification capacity, the total removed enthalpy (Eq. (6-1)) and the thermal 
coefficient of performance (COP – Eq. (6-3)) of the system are used as criteria for an 
assessment of the proposed concepts. In the current study, four different conceptual 
design configurations are analysed by means of transient simulation calculations. The 
conceptual configurations are modifications of the experimental reference system 
shown in Figure 6-1(a). The modifications (Figure 6-9) consist of: 
i) an air bypass configuration in which only a fraction of the return air is 
supplied to the membrane unit,  
ii) an additional evaporative cooling unit before the membrane unit,  
iii) an additional evaporative cooling unit after the membrane unit and 
before the ECOS system, and of  
iv) increasing the cooling air-low through the ECOS by mixing the 
cooling air from the membrane with additional ambient air.  
The second and third configurations are inspired by the positive impact of pre-
cooling on the dehumidification of the ECOS unit (see Section 3.4.3). The input 







Figure 6-9: Schematic diagrams of four conceptual system configurations for the air-
flow patterns in a two-stage dehumidification system. MU stands for membrane unit, 
and EVAP stands for evaporative cooling unit. For simplicity in drawing, the counter-
flow membrane is presented as cross-flow membrane. 
Table 6-3: Parameters stipulated for the study of conceptual configurations. 
Parameters Classifications Value 
Singapore ambient conditions 
Average temperature 29 °C 
Average humidity ratio 20        
Return air conditions 
Average temperature 24 °C 
Average humidity ratio 12        
Cycle time 
Adsorption  15 min 
Regeneration  13min 
Pre-cooling  2min 




/h (0.05 kg/s) Cooling air 
Regeneration air 
Regeneration air temperature  75°C 
6.5.1 System configuration-1: passing a part of the return air directly to the ECOS. 
In this section, an air bypass configuration shown Figure 6-10) is investigated. In 
this configuration, a fraction of the return air is supplied to the membrane unit only. 
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Figure 6-10: Schematic diagram of conceptual system configurations-1 for the two 
stage dehumidification system. MU stands for membrane unit, and EVAP stands for 
evaporative cooling unit. For simplicity in drawing, the counter-flow membrane is 
shown as above. 
As can be seen from Figure 6-11, the dehumidification capacity of the membrane 
unit is reduced by decreasing the return air flow to the membrane unit. At the same 
time, the dehumidification performance of the ECOS system increases. However, the 
total dehumidification performance of the system decreases by decreasing the amount 
of return air flow to the membrane and it is less than the one of the experimental 
reference system. The variation of the dehumidification performance in the membrane 
unit and the ECOS system can be explained by the following facts: 
The dehumidification and cooling processes in the membrane unit are driven by 
the humidity and temperature difference between the primary and secondary air 
streams. The temperature and the humidity of the secondary air at considerably 
reduced air flow rates through the membrane unit easily reach the level of the warm 
and humid primary air. Therefore, it cannot remove moisture and heat from the 
primary air efficiently. Thus, using the bypass configuration decreases the perfor-
mance of the membrane unit. Furthermore, the improvement of the dehumidification 
performance in the ECOS system obtained by reducing the fraction of the return air to 
the membrane can be explained by two facts. Firstly, at a lower air flow fraction to the 
membrane, a higher amount of relatively dry return air is supplied to the ECOS 
system as the cooling air for the evaporative cooling process. As a result, the wet-bulb 
temperature of the cooling air decreases and helps to counteract the adsorption heat 
effectively; thus, the dehumidification performance increases. Secondly, as discussed, 
lowering the return air flow rate through the membrane unit reduces the performance 
of the membrane unit. Consequently, the process air enters the ECOS system with a 
relatively high humidity; therefore, the dehumidification load on the ECOS system 
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increases. Besides, as seen from Figure 6-12, the removed enthalpy from the process 
air and the system’s thermal COP decrease if the portion of return air through the 
membrane unit decreases.  
As a result of the analysis, it can be concluded that the integration of the two-stage 
dehumidification system with the bypass configuration does not improve the perfor-
mance of the system analysed. 
 
Figure 6-11: Simulation results of the dehumidification performance of the two-stage 
dehumidification system for different fractions of return air flow through the 
membrane unit. The numbers in the blue bars and in the red bars are the 
dehumidification values in membrane and ECOS systems. The stipulated 
experimental operating conditions and system properties are listed in Table 6-1 and 
Table 6-3. 
 
Figure 6-12: Simulation results for the removed enthalpy and thermal the COP for 
different portions of return air flow through the membrane unit. (Parameters: see 
Table 6-3).  
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6.5.2 System configuration-2: Using an indirect evaporative cooling unit before 
the membrane unit 
Figure 6-13 shows a schematic of a combination of a pre-evaporative cooling, the 
membrane and the ECOS system. In this system, a portion of the return air (relatively 
dry air) is discharged to the membrane unit as the secondary air and the rest of the 
return air is used for evaporative cooling of the secondary air before it enters the 
membrane unit.  
 
Figure 6-13: A schematic of the combination of evaporative cooling unit(before 
membrane unit), membrane unit and ECOS system. For simplicity in drawing, the 
counter-flow membrane is presented as cross-flow membrane. 
As shown in Figure 6-14, the performance of the membrane unit decreases by 
decreasing the fraction of return air to the membrane unit (the reason has been 
discussed in Section 6.5.1). In contrast, the performance of the ECOS system 
increases slightly. The total dehumidification performance of the two-stage system 
increases slightly at the operating condition with a fraction of 70% of the return air 
flow through the membrane unit. However, in general, using an evaporative cooling 
unit and a lower secondary air flow through the membrane unit decreases the total 
dehumidification performance of the system compared to the experimental reference 
system. The performance improvement of the ECOS system can be explained by two 
reasons. Firstly, the dehumidification capacity of the membrane unit is reduced by 
decreasing the fraction of the return air flow to the membrane; consequently, the 
dehumidification load on the ECOS system increases. Secondly, a higher fraction of 
the return air in the evaporative cooling unit decreases the temperature of the 
secondary air before entering to the membrane unit. This increases the cooling 
performance of the membrane unit and further reduces the temperature of the process 
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air compared to the experimental reference system. Process air with low temperature 
increases the dehumidification performance of the ECOS system due to the handling 
of a fraction of the adsorption heat (as presented in Section 3.4.3).  
Figure 6-15 shows the comparison between the obtained results (COP und 
removed enthalpy) for the second system configuration. As can be seen, this 
configuration can improve the total performance of the system analysed to some 
extent under an operating condition of 70% return air flow through the membrane 
unit. However, using this kind of configuration is not recommended due to the 
additional complexity of the system and the investment cost. 
 
Figure 6-14: Simulation results of the dehumidification performance of the two-stage 
dehumidification system for different portions return air to the membrane unit. The 
numbers in the blue bars and in the red bars are the dehumidification values in 
membrane and ECOS systems. The stipulated experimental operating conditions and 
properties of system are listed in Table 6-1 and Table 6-3. 
 
Figure 6-15: Simulation results for the removed enthalpy and thermal COP of a 
proposed concept of two-stage dehumidification system for different portion of pre-
evaporative cooling air flow. (Parameters: see Table 6-3). 
147 
6.5.3 System configuration-3: Using an indirect evaporative cooling unit after the 
membrane unit and before the ECOS system 
In this configuration (Figure 6-16), an indirect evaporative cooling unit is intro-
duced between the membrane unit and the ECOS system in order to cool down the 
pre-dehumidified air after the membrane unit using a portion of return air. 
 
Figure 6-16: A schematic of the combination of evaporative cooling unit (between 
membrane unit and ECOS), membrane and ECOS systems. For simplicity in drawing, 
the counter-flow membrane is presented as cross-flow membrane. 
The simulated operation results of the system configuration-3 are illustrated in 
Figure 6-17. As can be seen in Figure 6-17, the total dehumidification performance is 
generally lower compared to the experimental reference system shown in Figure 
6-1(a).While the dehumidification performance of the membrane unit decreases with 
decreasing the secondary air flow through the membrane unit, the dehumidification 
capacity of the ECOS system increases 
The reason for the lower dehumidification capacity in the membrane unit 
compared to the experimental reference system is already explained in Section 6.5.1. 
The increment of the dehumidification capacity of the ECOS system is explained by 
following reason as described similarly in Section 6.5.2. The temperature of the pre-
dehumidified process air is reduced by the evaporative cooling unit. The cooler 
process air is able to cool down the desiccant material and to handle higher portion of 
the adsorption heat. As presented in Section 3.4.3, the cooled desiccant material 
increases the adsorption capacity of the material and the dehumidification capacity of 
the ECOS system. 
The comparison between the results for the total removed enthalpy and the thermal 
COP for the presented configuration are shown in Figure 6-18. Similar to the previous 
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configuration, the comparison of the analyses indicates that the proposed concept can 
improve the total performance of the system analysed slightly under some control 
conditions. However, exploiting this configuration for a two-stage dehumidification 
system is not recommended due to the increased complexity resulting only in a low 
performance improvement. 
 
Figure 6-17: Simulation results of the dehumidification performance of the two-stage 
dehumidification system for different portion of post-evaporative cooling air flow. 
The numbers in the blue bars and in the red bars are the dehumidification values in 
membrane and ECOS systems. The stipulated experimental operating conditions and 
properties of the system are listed in Table 6-1 and Table 6-3. 
 
Figure 6-18: Simulation results for the removed enthalpy and thermal COP of a 
proposed concept of two-stage dehumidification system for different portions of post-
evaporative cooling air flow. (Parameters: see Table 6-3). 
149 
6.5.4 System configuration-4: Using additional ambient air flow to be mixed with 
the return air from the membrane unit 
Figure 6-20 shows a schematic of a combination of a membrane and an ECOS 
units in which an additional ambient air flow is mixed with the cooling air flow from 
the membrane unit to the ECOS. 
 
Figure 6-19: A schematic of the two-stage dehumidification system modified with 
additional ambient air inlet. For simplicity in drawing, the counter-flow membrane is 
presented as cross-flow membrane. 
Figure 6-20 presents the dehumidification performance of the two-stage 
dehumidification system using additional ambient air supplied to the ECOS system 
(additional 50 to 300% of the ambient air flow through the membrane unit). In this 
configuration, the dehumidification performance of the membrane unit is equal to the 
one in the experimental reference system. However, the performance of the ECOS 
system and so the total dehumidification of the two-stage dehumidification system 
increases. Using a relatively high flow rate of the cooling air for the evaporative 
cooling process helps to counteract the adsorption heat considerably. Adding humid 
ambient air to the cooling air increases of course the humidity content of the cooling 
air and therewith increases the wet-bulb temperature. However, the higher cooling air 
flow rate and the lower temperature of mixed air compared to the ambient air 
increases the efficiency of the evaporative cooling process in the ECOS unit. Such an 
improvement can be obtained without a significant increase in investment cost; 
however, the operating cost for the additional air transport will increase. 
Figure 6-21 shows the increased removed enthalpy and the thermal COP of the 
system with increased portion of ambient air. The increased total removed enthalpy is 
due to the fact that the evaporative cooling process in the ECOS system using 
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additional ambient air is improved. This results in improved dehumidification 
performance of ECOS unit (Figure 6-20). 
 
Figure 6-20: Simulation results of the dehumidification performance of the two-stage 
dehumidification system for different ambient air flow rates. The numbers in the blue 
bars and in the red bars are the dehumidification values in membrane and ECOS 
systems. The stipulated experimental operating conditions and properties of the 
system are listed in Table 6-1 and Table 6-3. 
 
Figure 6-21: Simulation results for the removed enthalpy and thermal COP of a 
proposed concept of two-stage dehumidification system for different portions of 
additional ambient flow rate through the ECOS unit. (Parameters: see Table 6-3). 
6.5.5 Assessment of conceptual system configurations 
Figure 6-22 illustrates the dehumidification capacity of each configuration under 
two selected operation conditions and compares their dehumidification performance 
with the reference system shown in Figure 6-1. Additionally, Figure 6-23 shows the 
comparison between the thermal COPs calculated for the proposed conceptual 
configurations and the reference system. The detailed comparison analyses between 
each configuration and the reference system are discussed in the in previous sections. 
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The comparison among the configurations and the reference system in Figures 6-22 
and 6-23 imply that although the application of an indirect evaporative cooling unit, 
proposed in many studies, has a slight positive impact on the total performance of the 
air-conditioning systems, this configuration is not recommended for the two-stage 
dehumidification system under investigation due to increased complexity and cost of 
system. The straightforward system configuration shown in Figure 6-1 seems to be 
the system of choice compared to the more complex configurations shown in Figure 
6-9. As a result of the analyses presented in this chapter, the best performance of the 
two-stage dehumidification system is achieved if the maximum performance of the 
membrane unit is realized. Therefore, the return air flow should be fully supplied to 
the membrane for the best possible dehumidification and cooling performance of the 
complete system. 
 
Figure 6-22: Comparison between the dehumidification performances of the four 
proposed conceptual configurations and the reference system. The dehumidification 
capacities of the membrane unit and the ECOS system are shown in blue and red bars, 
respectively. ―Ret air to Mem‖ stands for the fraction of return air delivered to the 
membrane unit. 
 
Figure 6-23: Comparison between the thermal COP of the four proposed conceptual 
configuration and the reference system. ―Ret air to Mem‖ stands for the fraction of 




7 MATHEMATICAL MODELLING OF THE COOLING SYSTEM AND THE 
CONDITIONED SPACE 
7.1 Introduction 
It was shown in Chapter 6 that the two-stage dehumidification system can success-
fully be applied to control the humidity of the air independent of the sensible system. 
In order to control the air temperature, an efficient sensible cooling system is 
required. A combination of the heat-driven two-stage dehumidification system and an 
electricity-efficient chiller system results in the air-conditioning system analysed here. 
Some thermodynamic characteristics of the conditioned space are important to calcu-
late the conditions of the air (  and  ) at the outlet of the room (see Figure 1-6, 
Chapter 1). 
7.2 Chiller system 
 In the air-conditioning system under investigation, a highly efficient vapour 
compression chiller is applied to remove the sensible load from the supply air for the 
air-conditioned room. Such a chiller consists of four main sub-systems: an evaporator, 
a compressor, a condenser and an expansion valve (see Figure 7-1). The thermo-
dynamic cycle of this kind of chiller is a reverse-Rankine cycle [204]. The liquid 
refrigerant absorbs heat from the circulated chilled water at low pressure and turns the 
refrigerant at the evaporator into the gas phase. The gaseous refrigerant gas is then 
compressed; it condenses and releases its heat energy to the heat sink (ambient air) at 
the condenser at high pressure. Forced air or water flows are used to enhance the heat 
exchange at the condenser and the evaporator. An expansion device is used to close 
the cycle of the refrigerant and to reduce the liquid pressure. [204].  
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Figure 7-1: Schematic diagram of a vapour-compression cycle. The chilled water 
temperature (       ) in the proposed system novel air-conditioning is in the range of 
       compared to the conventional cooling system with dew point temperature 
between   and    . 
Many simulation models have been proposed for the vapour-compression chiller 
system [205–210]. Some simulation algorithms are based on detailed thermodynamic 
models of the components and the complete chiller [207,211–213], whereas, a 
regression approach based on experimental data has also been applied in order to 
develop empirical physical models for the cooling systems. These empirical models 
are often determined on the basis of data provided by the manufacture and 
quantitative performance of the system under specific weather and operating 
conditions [214–216].  
7.2.1 Model of an air-cooled vapour-compression chiller 
In the present study, a simple model for an air-cooled chiller is set up following a 
method described in DIN V 18599-7 [217]. The model uses information on the 
coefficient of performance (COP) of the chiller in order to predict its performance. 
The electric COP is defined as the quotient of the cooling power met by the chiller 
and the total electric power supplied to the system. 
      
 ̇  




where,  ̇   is the cooling power of the chiller defined as the amount of heat 
rejected from the return chilled water flow to provide chilled water with the required 
chilled water temperature ( ̇    ̇     (                )).  
where,  ̇    is the mass flow rate of the chilled water through the chiller,         
is the temperature of the chilled water to the cooling coil device, and          is the 
return chilled water temperature after the cooling coil device (see Figure 7-1).  
The model is based on DIN V 18599-7 [217] and two sets of experimental data 
reported in the EVASOLK project [215]. An air-cooled system with refrigerant R134-
a
4
 was analysed under different ambient air temperatures while its set-points were 281 
and 288 K (8 and 15°C). Figure 7-2 presents experimental data and interpolated 
characteristic curves of such a chiller as a function of the chiller’s set-point temper-
ature and the temperature difference between the ambient air and chiller set-point. 
 
Figure 7-2: Electric COP of an air-cooled chiller as a function of the chiller set-point 
temperature and the temperature difference between the ambient air and two 
temperature set-points (      and      ) [215,218]. 
As can be observed from Figure 7-2, the electric Coefficient of Performance 
(     ) of the refrigerator depends on the chiller set-point temperature and the 
temperature difference between the ambient and the chiller set-point. The       of 
the system decreases if the ambient temperature increases and/or the chiller set-point 
                                                 
4
 HFC-134a (CH2FCF3): one of the most widely used refrigerants [252] 
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decreases. This graph provides clear information that the chiller set-point should be as 
high as possible. 
The electric COP is also calculated based on the nominal COP of the system. The 
following equation is suggested to associate the electric COP of the system to the 
nominal COP (      ) under different ambient temperatures and chiller set-point 
temperatures [215]. The nominal COP is given by the manufacturer under standard 
conditions (32°C ambient temperature and 6°C chiller set-point (cold water outlet)).  
               (7-2) 
where the COP ratio,   is calculated using Eq. (7-3).   depends on the set-point 
temperature of the chiller system (    ) and the ambient air temperature via Eqs. (7-4) 
or (7-5) [219]. 
   ̃(     (           )) (7-3) 
where         ,        is the standard reference temperature for the chiller set-
point as      (  ) and  ̃ is the correction factor which depends only on the ambient 
temperature and is calculated by the following equations based on the two conditions: 
If (         ) then 
 ̃
 (   (       )
     (       )
     (       )     )    ⁄  
(7-4) 
where,                    
                  
      
                        and          . 
If (         ) then 
 ̃        (            ) (7-5) 
where      is the ambient air temperature and        is the reference temperature 
for the standard ambient air temperature as      (     ).    is 1.0   and    is 
        . 
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Figure 7-3 presents the simulated characteristic curves of the electric COP for two 
types of air-cooled chiller units with different refrigerants (R-410A
5
 and R-134a) as a 
function of the ambient air and the set-point temperatures (COPelc=f(Tamb,Tset): Eqs. 
(7-2)-(7-5)). The nominal COP for the chillers with the refrigerants, R-410A and R-
134a, at reference temperatures (        and          ) are given by the 
manufacturer as 2.4 and 2.8, respectively [217]. As presented in Figure 7-3, the COP 
of the air-cooled chiller with the refrigerant (R-410A) at a constant ambient temper-
ature (e.g. 30 °C) increases considerably by increasing the set-point (evaporator) 
temperature. The set-point temperature and so the COP of the conventional cooling 
system can be elevated if the humidity of the air is controlled independent of the 
cooling system. Therefore, the chiller handles only the sensible load at a high 
temperature (e.g. 14-18 °C) instead of a low temperature (6-10 °C) in a conventional 
system for the condensation process. 
 
Figure 7-3: Modelled COP of two types of air-cooled chiller units, refrigerant R-410A 
and R-134a, at several chiller set-points temperatures and different ambient air 
temperatures. 
                                                 
5
 HFC-410A (CH2F2(50%), CHF2CF3(50%)): R-410A does not contribute to ozone depletion [252] 
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7.3 Modelling of the conditioned space 
Having a mathematical model of a conditioned space is necessary for two reasons. 
Firstly, the dehumidification and cooling performance of the membrane and the 
ECOS systems directly depend on the conditions of the return air from the 
conditioned space. The second reason is that the conditioned space acts as a buffer in 
order to damp the fluctuations of inlet air temperature and humidity to the room. The 
information on the damping behaviour of the room and the conditions of the exhaust 
air can be derived from simple, not very detailed models as they are available, e.g., in 
the TRNSYS environment (TRNSYS). 
Several approaches such as mechanistic models-based thermodynamics, linear 
parametric model, neural networks and the lumped capacitance model have been 
introduced for modelling of the conditioned space [220–225]. The mechanistic model-
based thermodynamic generally involves detailed finite difference equations, yet, it is 
not recommended for modelling of complex buildings [226]. The other three 
approaches are known as simplified models for building simulations. The linear 
parametric and neural network models have extensively applied in building 
simulations [221,227–230]. This method has a shortcoming that intensive 
experimental data should be available in order to identify involved parameters. 
Additionally, these models do not provide any information about the physical and 
thermodynamic properties of the buildings. In contrast, the lumped capacitance model 
applies simple mathematical equations based heat and mass capacitance and 
resistance that can describe the thermodynamics of the building [231]. This analogy is 
applied to simulate the conditioned space using Type
6
 56 (multi-zone building model) 
and TRNSYS software.  
A suitable model for a building can be achieved in TRNSYS if the building is 
divided into several thermal zones (see Figure 7-4). The heat and moisture balance 
models in each zone are presented by a lumped capacitance model, assuming one air-
node per zone (black point in Figure 7-4). In order to simulate the thermodynamic 
behaviour of each zone, the properties of each zone such as geometry, construction 
materials, orientation of the building, internal heat gains, cooling and heating rates, 
                                                 
6
 Each Type is described by a mathematical model in the TRNSYS simulation. 
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infiltration rate and ventilation rate, and boundary conditions (e.g. ambient 
conditions) have to be defined.  
 
Figure 7-4: A schematic of the heat balance in one zone air node.  ̇    and  ̇    are 
the ventilation heat and mass gain.  ̇     and  ̇     are the exchanged heat and 
moisture between two zones through the walls.  ̇    solar radiation entering through 
the windows. For the simulation calculation reported in this study, the infiltration rate 
and mass and heat transfer between the zones are assumed to be negligible. 
The following sections present the effective heat and moisture capacitance models 
applied in Type 56-TRNSYS in order to simulate the thermodynamic behaviour of a 
conditioned space. 
7.3.1 The lumped capacitance model for a zone 
Figure 7-4 presents a schematic of the heat balance of a zone including one air 
node. The thermal capacity of zone-i (  ) is calculated by the TRNBuild program on 
the basis of the heat capacities of the materials in the respective zone.  
The heat balance in a zone can be calculated with the following equation: 
  
   
  
  ̇  
(7-6) 
where,    is the thermal capacity of zone-i,    is the temperature of the air node-i in 
zone-i,  ̇  is the rate of heat transfer between the zone and its surroundings which can 
be expressed as; 
 ̇   ̇        ̇       ̇    (7-7) 
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where: 
 ̇      : is the heat transfer between the air nodes through the surfaces of zone-j 
 ̇     : are the ventilation gains (air flow is a user-defined source, like a HVAC 
system);  ̇       ̇        (            ) 
 ̇   : stands for the internal convective gains (by people, equipment, illumination, 
radiators, etc.) 
 ̇     : solar radiation entering through the windows 
The detailed descriptions and the intensive mathematical models for the above-
mentioned variables are documented in ―Multizone Building modelling with Type56 
and TRNBuild‖ [232]. 
7.3.2 The moisture capacitance model for a zone 
In parallel with the sensible energy balance calculation, TRNSYS calculates a 
moisture balance considering exchanged moisture with the ambient air and other 
zones and internal moisture gains in the zone. A moisture balance for any zone results 
in the following first-order differential equation: 
        
   
  
  ̇      (           )   ̇ 
 ∑  ̇      (      )
        




      : is the air mass of the air node in the zone 
  : is the effective mass factor 
 ̇      : is the inlet air flow rate by ventilation 
  : is the humidity ratio of an air node in the zone 
        : is the inlet air humidity ratio to the zone by the ventilation process 
 ̇ : is the internal moisture gain (kg/s) 
 ̇      : is the mass transfer between the air nodes through the surfaces of zone-j  
  : is the humidity ratio of zone-j 
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In the above equation, the product of (             ) is the effective mass 
(moisture capacity) of the air node in the zone, which is equal to ―mass of air in the 
zone‖ if the zone is not equipped by furniture. The effective mass factor can be higher 
than unity if the zone is furnished [232]. The effective mass of a zone is the moisture 
capacity of the room, which causes the buffer effect that regulates the humidity. If the 
buffer effect is taken into account, the fluctuation of humidity in the room is damped 
by the effective mass. The buffer effect of the moisture and heat capacitances is 
evaluated experimentally in Section 3.3.3. 
7.3.3 Parameters of the conditioned space 
In the context of this investigation the model of the conditioned space is used to 
calculate the temperature and humidity increase in the space under working 
conditions. TRNSYS building modeling-Type56 is applied [232]. The conditioned 
space’s parameters are given in Table 7-1; no heat losses/gains to the surroundings are 
assumed. Additionally. Table 7-2 presents lists of other necessary parameters and 
their values for the simulation of the conditioned room.  
Table 7-1: Cooling load in the conditioned space . Code for the data sources: (a): 




Number of occupants -   (a) 
Gross floor area per person       (a) 
Sensible load per person      [232] 
Latent load per person     ⁄           [232] 
Total heat gain per floor area 
(appliance) 
   ⁄    [232] 
 
Table 7-2: Main input and output parameters. 
Input parameters Value 
Inlet and outlet mass flow rate 100 to 200 m3/h 
Inlet air temperature and relative 
humidity 
Simulated values 
(dehumidified and cooled air) 
Comfort 
parameters 
Clothing factor 0.5 




Moisture capacitance factor 1 
Thermal capacity factor 
Thermal capacity of air and construction 
materials in the zone 
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Some comfort criteria have been introduced by the ASHRAE standard [6]. 
Predicted Mean Vote (PMV) index has been applied to quantify the comfort 
conditions as presented in Table 7-3. PMV is the mean value of the votes of a large 
group of occupants. It is neutral if the best comfort conditions are provided for 
occupants. Considering the comfort parameters’ values in Table 7-2, the neutral PMV 
is satisfied if         (   )     and                             . In 
order to satisfy the comfort conditions for the occupants, a supply air flow rate in the 
average order of 14 l/s (50   ⁄ ) is suggested for each person [233]. 
Table 7-3: Indoor thermal sensation scale. 
Hot Warm Slightly warm Neutral Slightly cool Cool Cold 







8 OPTIMIZATION OF A HEAT ASSISTED AIR-CONDITIONING SYSTEM 
COMPRISING MEMBRANE AND DESICCANT TECHNOLOGIES 
8.1 Introduction 
It is the aim of this chapter to optimize the design and the operating parameters of 
the two-stage dehumidification and energy recovery system combined with an 
electricity-efficient cooling system under Singapore climate conditions. Additionally, 
the influence of the investment and operating costs and the material properties of 
membrane unit and ECOS system on the results of the optimization is evaluated using 
sensitivity analyses. In order to find an optimized balance of the air-conditioning 
components, an optimization-based simulation approach using a genetic algorithm is 
developed. 
8.2 Description of the novel air-conditioning system 
Figure 8-1 presents a schematic diagram of the air-conditioning system under 
investigation. The system is designed to supply 100% fresh air for the occupants of a 
conditioned space. The system consists of a membrane unit, an ECOS system and a 
sensible cooling system including a vapour compression chiller working at relatively 
high evaporation (chilled water) temperatures. 
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Figure 8-1: Schematic diagram of the heat and electricity driven air-conditioning 
system . MU stands for ―membrane unit‖, ECOS system stands for ―Evaporatively 
COoled Sorption‖ system, and HX stands for ―heat exchanger‖. There is no mixture 
of air at cross junctions. For explanation see the text below. 
The operating processes of the air-conditioning system shown in Figure 8-1 are 
summarized as follow. 
12: humid and warm ambient air is pre-dehumidified and pre-cooled by a 
membrane unit, 
23: pre-dehumidified and pre-cooled air is further dehumidified in the 
ECOS in order to reach the desirable moisture, 
34: dehumidified air is then supplied to a cooling system handling the 
remaining sensible load, 
45: internal latent and sensible heat gains in the conditioned space, 
56: gaining latent and sensible loads from another air stream in process 
12 in the membrane unit, 
67: evaporative cooling process in the ECOS unit to handle the released 
adsorption heat, 
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89: regeneration process to desorb the water content of desiccant material 
after adsorption phase. 
1011: cooling the dehumidified supply air in the heat exchanger (cooling 
coil device) using the chilled water provided by the chiller unit.  
8.3 Simulation and optimization formulations 
Figure 8-2 shows the simulation-based optimization framework of the current 
study. The framework is created based on two main layers. The first layer is the 
simulation program consisting of a mathematical model for the air-conditioning 
system combined with the building, and the second layer is the optimization layer in 
which the objective function (see below) and the constraints are evaluated and the 
best possible set of decision variables is produced. 
The best solution for an optimization process for a given system is achieved while 
a tolerable detailed mathematical model of a complete system is applied. The detailed 
models for the membrane unit and the ECOS system are implemented in MATLAB. 
The modular feature of the TRNSYS software allows the communication of the 
developed numerical models with existing models of an air-cooled chiller system 
[215], a water-to-air heat exchanger (TRNSYS Type 5b) and a multi-zone building 
(TRNSYS Type 56) in TRNSYS. Consequently, a single model is created for the 
entire air-conditioning system and the conditioned space. The output of these 
simulations is evaluated by an optimization toolbox (Genetic Algorithm
7
) [234,235]. 
As presented in Figure 8-2, the generated model runs with inputs including pre-
processed meteorological data and a set of pre-defined constraints, fixed parameters 
and decision variables which are discussed in the following sections. The output 
vector from the TRNSYS simulation includes the numerical value of the objective 
function (see below) and further necessary values such as room air temperature and 
humidity. If a minimum value for the objective function is not reached and the 
                                                 
7
 Mathworks GA, Direct Search toolbox [253]: ―The genetic algorithm is a method for solving both 
constrained and unconstrained optimization problems that is based on natural selection, the process that 
drives biological evolution. The genetic algorithm repeatedly modifies a population of individual 
solutions. At each step, the genetic algorithm selects individuals at random from the current population 
to be parents and uses them to produce the children for the next generation. Over successive 
generations, the population "evolves" toward an optimal solution.‖ 
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termination criterion (see below) is not fulfilled, the genetic algorithm produces a new 
set of values for the decision variables as a new input vector for the model in 
TRNSYS. 
 
Figure 8-2: Simulation-based optimization scheme. Output* is the output vector of the 
simulation and consists of the necessary values for input to the objective function and 
the air humidity and the temperature of the air-conditioned room. In each optimization 
iteration, the genetic algorithm generates a new set of values for the decision 
variables.  
8.3.1 Simulation inputs 
To perform the simulation-based optimization the values of input parameters have 
to be defined, in advance. As given in Figure 8-2, the input parameters consist of the 
meteorological data, fixed parameters, optimization criteria (constraints), initial 
values and the decision variables that are generated by the genetic algorithm. These 
parameters are discussed in the following sections.  
8.3.1.1 Processing Singapore climate conditions – Bin method analysis 
Singapore (1 °N, 104 °E) has typical tropical climate conditions with a uniformly 
mean monthly temperature range (26.6-27.7°C) and with the relative humidity in the 
range of 50-90% [236]. As can be seen, although the variation of temperature and 
humidity is relatively low throughout the year compared to other climate regions, 
optimization of the system for a specific day may not be applicable for other days. 
Our goal is to have only a single air-conditioning system that can satisfy both 
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minimum cost and comfort conditions. Therefore, statistical discretization of weather 
conditions using the bin method is applied. In this study, the bin method refers to the 
process of sorting the Singapore weather data into different humidity and temperature 
bins (groups). 
 
Figure 8-3: Singapore ambient air conditions – temperature against relative humidity 
corresponding to 8765 hours in a year. Singapore airport weather station, a synthetic 
typical year in 2000-2009, Meteonorm 7 [237]. 
To perform pre-processing of the weather data, only the daily working hours are 
taken into account. In particular, 260 days are considered as the working days when 
the system operates 10 working hours (9:00 – 19:00). Values of temperature and 
relative humidity are then mapped into temperatures and humidity ratios which are the 
inputs to the simulations using the following equation [238]. 
    
     
      
 
(8-1) 
where   is humidity ratio,         (      ⁄ ),   is the relative pressure,      is 
the saturation pressure at the air temperature and   is the absolute pressure. 
Figure 8-4 shows the psychrometric bin discretization of Singapore weather 
conditions (temperature-humidity ratio) into four bins. In the course of the 
optimization process, although having a high number of bins may result in a better 
accuracy, only four bins are taken into account in order to avoid an extremely time-
consuming optimization process. As can be seen from Figure 8-4, according to this 
discretization, the weather conditions of Singapore are divided into four reasonable 
climate groups including: 
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i) Bin-1: relatively cool and dry conditions, 
ii) Bin-2: relatively cool and humid conditions, 
iii) Bin-3: relatively warm and dry conditions, 
iv) Bin-4: relatively warm and humid conditions,  
The black bold points in the figure are the (geometry) medians of the four bins 
which are used as the input for the simulations [239]. The median temperature and 
humidity, and the frequency of hours corresponding to each bin are given in the 
Figure 8-4. The average weighted value of the four bins is presented as a green bold 
point. The weighted ambient temperature and humidity ratio is calculated based on 
the ambient conditions and the number of hours in each bin. 
 
Figure 8-4: Singapore’s ambient air-conditions (temperature and humidity). Data pairs 
for 2610 working hours of a year are sorted into four different bins. (Data: Singapore 
airport weather station, Meteonorm 7 [237]). Black bold dots median (geometry) 
values of the data in the four bins; the green bold dot represents the weighted average 
of the black dots. 
8.3.1.2 Fixed parameters for the reference system 
To perform the simulation, in addition to the meteorological data, the values of the 
models’ parameters should be defined. These parameters consist of a reference set of 
material, operating and design parameters. Table 8-1 presents the numerical values of 
fixed parameters applied in modelling the air-conditioning system and the conditioned 
space (see Figure 8-2). The material properties of the membrane and desiccant 
materials are described in Chapter 5. The operating parameters are stipulated and the 
values of design parameters are set on the basis of the installed systems in Singapore. 
Five important parameters are not listed in Table 8-1, since they are not fixed but vary 
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in the course of the optimization analysis (Section 8.4). These are: area of the 
membrane sheets (  ), area of the ECOS adsorber plates (  ), number of these 
sheets (  ) and plates   , and the volume flow rate of the regeneration air  ̇   . 
Exemplary numerical values of the 5 parameters are listed in the caption to Figure 
8-5. For system simulations (for simplicity) square adsorber plates of area    and 
square area of membrane area    are assumed. 
Table 8-1: List of fixed reference parameters. Code for the data sources: (a): 
stipulation by authors, (m): measurements by authors, [ref]: references. 




Membrane thickness          (m) 
Diffusion coefficient           ⁄           (m) 
Density        
       (m) 
Specific heat capacity                (m) 




Particle diameter -        [130] 
Specific surface area -    ⁄      [130] 
Specific pore volume -          [130] 
Average pore diameter -            [130] 
Density        
      [130] 
Maximum water 
content 
     
   
     
    [130] 
Specific heat capacity                [130] 
Thermal conductivity              [130] 
Operating 
parameters 
Cycle time                (a) 
Regeneration air 
temperature 
              (a) 
Supply and return flow 
rates 
 ̇   ,  ̇     
  ⁄      (a) 
System life time -      years (a) 
Operating hours per 
day 




Height of channels 
(Membrane unit) 
           (a) 
Height of channels 
(ECOS unit) 
           (a) 
Efficiency of fan      -     (a) 
Efficiency of heat 
exchanger (Cooling 
coil) 
    -      (a) 





Number of occupants - -   (m) 
Gross floor area per 
person 
-       (m) 
Sensible load per 
person 
-      [232] 
Latent load per person -     ⁄           [232] 
Total heat gain per 
floor area (appliance) 
-    ⁄    [232] 
8.3.2 Exemplary results of simulation calculation 
Figure 8-5 shows simulation results for temperature and humidity at characteristic 
points (Figure 8-1) for the reference system under the assumption of constant high 
temperature and humidity conditions (Bin 4 in Figure 8-4, black bold dot). In a two-
step dehumidification process, a desirable level of the humidity ratio is reached (state 
P.3: ECOS out) that guarantees comfort conditions of an occupied space (state P.5: 
room out). Given the fixed parameters of the reference system (Table 8-1), the 
membrane unit handles the main portions of dehumidification and cooling loads. The 
cooling effect of the membrane unit is substantial but in part compensated by the 
temperature increase in the ECOS. Due to the release of the adsorption heat, the 
temperature at the outlet of the ECOS (state P.3, in Figure 8-5) would be considerably 
higher (50-60 ºC) without the evaporative cooling in the ECOS (P.6  P.7) [240]. 
The data shown for processes P.1 to P.7 refer to the dehumidification and cooling 
process of ambient air, P.8 and P.9 show data for the regeneration process. 
 
Figure 8-5: Temperature (blue bars) and humidity ratio (red bars) at the characteristic 
points defined in Figure 8-1. Parameters: reference set (Table 8-1, ambient conditions 
as given in Figure 8-4-Bin 4. Membrane area        
 , area of adsorber plate 
        
 , number of membrane layers      , number of adsorber plates 
    , regeneration air volume flow rate  ̇         
  ⁄ . 
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8.3.3 Optimization problem formulation 
The main goal of this study is to minimize the sum of the investment cost of the 
two-stage dehumidification and energy recovery system and the operating cost of the 
whole air-conditioning system under the boundary condition of respecting the comfort 
conditions. For this purpose, an objective function (cost function) and decision 
variables are defined in the following sections. 
8.3.3.1 Decision variables 
The decision variables reflect a set of variables whose optimized values result in a 
minimum value for the objective function. In this study, these variables determine the 
behaviour of the system with respect to the objective to minimize operation and 
investment costs while satisfying the comfort conditions as the constraints. The five 
decision variables are the areas and the number of channels for both the membrane 
and the ECOS units with equal length and width and the regeneration air flow rate 
(see Table 8-2). The mass of the adsorbent can be calculated using the fixed 
parameter values given in Table 8-1 above. Furthermore, the flow rate of the air used 
for regeneration of the wet adsorber (state 8 in Figure 8-1) is chosen as a decision 
variable since the heat demand of the system depends on this flow rate. 
Table 8-2: List of decision variables for the two dehumidification sub-systems 
involved in the optimization process. 
Sub-systems Parameters Symbol Unit 
Membrane unit 
Area of the square membrane layer     
  
Number of pairs of channels    - 
ECOS unit 
Area of the square adsorbent     
  
Number of pairs of channels    - 
Regeneration air flow rate  ̇     
  ⁄  
 
The acquired optimal values for the decision variables may give designers primary 
information for designing a cost-effective system with a desirable performance for the 
application in tropical climate zones. 
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8.3.3.2 The objective function 
The objective function (Eq. (8-7)) developed on the basis of the total operating and 
investment costs of the complete system (Figure 8-1) over an assumed technical 
lifetime of 10 years (10 operating hours per day). The objective function is minimized 
upon an optimal choice of the decision variables. 
               (8-2) 
For the calculation of the performance of the system, the set of fixed reference 
parameters given in Table 8-1 is used (the decision parameters listed in Table 8-2 are, 
of course, not fixed in these optimization calculations). In addition to this, cost 
coefficients are introduced which will be explained below. Variation of these 
coefficients allows for a sensitivity analysis with respect to different cost 
contributions. The boundary condition of the optimization is the fulfilment of the 
comfort conditions in the air-conditioned space (Section 8.3.3.3). 
To deal with the complexity of the optimization problem in a reasonable time, the 
problem is formulated based on simplified mathematical formulation of the objective 
function and a rough estimation of the cost coefficients. This is because only little 
information on the future investment and operating cost are available. Thus, the result 
of the optimization is of qualitative nature only. On the other hand, the results of the 
calculations may yield indications on the relative composition of such a two-stage 
energy recovery system: How much dehumidification and cooling by the membrane 
unit and how much by the ECOS system? The potential deterioration of the 
performance of the system components and the resulting increasing maintenance costs 
were not taken into account, regardless of the capacity of the sub-systems. Thus, the 
benefits in real-world applications would be lower than those determined in this 
thesis. 
The total operating cost presented in the following equation consists of i) the 
electric energy (  ) consumption of fans for the air transport and for the sensible 
cooling system, and ii) the regeneration heat (  ) for the regeneration process in the 
ECOS system. 
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                 (         )       (8-3) 
   is a cost coefficient for every unit of electric energy and    is the cost coefficient 
for every unit of regeneration heat energy. The energy needed for air transport is 
calculated from the pressure drops in the two-stage dehumidification and energy 
recovery system, the volume flow rates and an assumed electricity efficiency   of the 
fans [178].     is calculated from the cooling load of the chiller (reduction of the 
sensible load of the supply air to the conditioned space) and the COP of the cooling 
unit (Section 7.2). The regeneration heat for the ECOS system is the required heat 
energy to increase the temperature of the ambient air to the regeneration set-point 
temperature (see Table 8-1). 
The investment cost (     ) for the two-stage energy recovery system including the 
membrane and the ECOS systems combines the material cost (    , Eq. (8-5)) and 
the mechanical fabrication cost (    , Eq. (8-6)). In context of this study, the 
investment cost was not entered into calculations due to its assumed fixed price. 
                (8-4) 
The material cost is assumed to be the sum of the cost for the membrane material 
and the coated adsorber material. The material costs are assessed to be proportional to 
the total areas of the membranes and the ECOS adsorber plates (2 units in the ECOS). 
The variables,    and   , are the specific costs per square meter of the membrane 
sheet and of the adsorbent material in the ECOS unit, respectively. 
               (        ) (8-5) 
In addition to the material cost, the fabrication cost for the membrane unit and the 
ECOS system consisting of two ECOS units is calculated using Eq. (8-6). The least 
straightforward assumption made is that for the fabrication cost. As a first approach it 
is assumed that the complexity of the units depend on the number of parallel channels 
in each stack (   and  ). As a first approach a simple nonlinear dependency 
between the N and the cost is assumed (there is no theory behind the square root 
function). 
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       √    (  √  ) (8-6) 
where    and    are specific cost coefficients. 
The aforementioned decision variables (Table 8-2) and cost functions (Eqs. (8-3), 
(8-5) and (8-6)) lead to the following objective function.  
 ( ⃗ )                                 √  
    √      
(8-7) 
 ⃗ is the input vector consisting of the values for the decision variables (Table 8-2) 
which are generated by the genetic algorithm. The variables (ci) denote the charac-
teristic cost coefficients for the six cost-terms (Section 8.4).   is the penalty function 
and its value is a very small number if the specified comfort conditions are satisfied. 
The parameter   is the penalty coefficient, which should be large enough to avoid the 
decision values to be selected wrongly as the optimal values if the comfort conditions 
constraint is not met.  Too small value of the penalty coefficient creates a big 
violation of the comfort condition constraints. Too large value of penalty coefficient 
leads to ill-conditioning of objective function meaning that the value of main part of 
objective function (summation of the first six terms) may be ignored compared to the 
high value of the penalty function. Therefore, after performing several optimization 
runs, the best possible penalty coefficient is found as 10
8
. 
8.3.3.3 Formulation of decision criteria (Penalty function) 
The optimal temperature and humidity set-points at the conditioned space is 
defined as            (   ) and                   with a tolerance of 
          and                    . If the room condition does not approach 
the pre-defined comfort criteria, the objective function is penalized by a large positive 
number (  ). These criteria can be mathematically described by the following 
equation: 
 ( ⃗)  ∑    (    ( ⃗))
 
 





  ( ⃗)  (           )     ⁄  
  ( ⃗)  (           )     ⁄  
  ( ⃗)  (           )     ⁄  
  ( ⃗)  (           )     ⁄  
(8-9) 
8.4 Optimization of the air-conditioning system based on a bin method 
A genetic optimization algorithm (MATLAB-Optimization toolbox [51]) deter-
mines the values for the decision variables that allow the two-stage dehumidification 
and energy recovery system to satisfy the comfort conditions while minimizing the 
objective function. 
For these calculations material, operating and construction parameters are fixed 
(Table 8-1). The comfort conditions are stipulated as explained in Section 8.3.3.3. The 
assessment of the cost coefficients (Table 8-3) is a difficult task since future values 
rather than today’s numbers are essential for the optimization of a future-oriented air-
conditioning system. The numerical values for   ,   ,    and    are the results of 
informal discussions with pertinent industry representatives and Fraunhofer-ISE in 
Germany. In order to have a set of consistent coefficients, the source of the data for    
and    are today’s numbers for Germany (residential electricity cost plus 10%); the 
specific electricity and heat energy cost for Singapore (approximately 50% lower) are 
discussed implicitly in Section 8.5 (sensitivity analyses). The unit costs of the cost 
coefficients are converted from Euro to Singapore Dollar (1€=1.5 S$, 2015) for the 
calculations of the objective function. Possible cost variations are discussed in the 
sensitivity analyses presented in Section 8.5. 
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Table 8-3: Characteristic cost coefficients derived from information in Germany (see 
the above text). S$: Singapore Dollar 
Cost coefficients Symbol Unit Cost (baseline system) 
Unit electricity cost         ⁄  0.45 
Unit heat cost         ⁄  0.08 
Unit membrane material cost        
  45 
Unit desiccant material cost        
  150 
Fabrication cost (Membrane)       90 
Fabrication cost (ECOS)       300 
To perform the optimization, the initial conditions of the conditioned space are set 
to      and 57% (         ), and it is assumed that the residual latent and 
sensible loads (e.g.       and          ) over the non-working hours (18:00-
7:00) are handled by a system running under full load conditions (high regeneration 
temperature, low chilled water temperature) before the working hours start at 9:00. 
The simulation is run for a number of hours during which the room and the supply air 
conditions are stable. The calculation of the system’s operating cost is done for the 
median meteorological conditions of each of the four bins (black points) shown in 
Figure 8-4; the average system cost is then calculated as the weighted average 
according to the number of operating hours in each bin. System configurations in 
which the comfort conditions are not met in all four meteorological bins are 
discarded.  
The genetic algorithm yields a set of numerical values of the decision variables that 
minimize the objective function (Table 8-4). The optimal decision variables yield in 
an optimal air-conditioning system called ―optimized baseline system‖. Table 8-4 
reveal that an integration of a relatively large membrane unit, a small ECOS unit and 
a chiller operating at an elevated evaporation temperature is the most cost effective 
combination meeting comfort criteria. Additionally, as shown in the table, the 
operating cost differs upon different ambient conditions. Relatively cool and dry 
conditions (Bin-1) and relatively warm and humid conditions (Bin-4), for instance, 
result in the lowest and highest operating cost, respectively (Figure 8-5 shows the 
situation for a Bin-4 calculation only). Additionally, as presented in Table 8-4, the 
area of the membrane is significantly higher (42 versus 1.4   ) due to following two 
facts. Firstly, the material (  ) and fabrication (  ) costs of the membrane unit are 
relatively low compared to the ECOS unit. Secondly, the larger area of ECOS with 
176 
higher adsorbent mass needs higher regeneration heat compared to the low operating 
cost of the membrane (only air transport). Thus, the optimization process yields the 
result that a smaller ECOS system is preferable. 
Table 8-4: Optimized numerical values of the decision variables for the baseline 
system and cost components of the respective objective function [Am,tot=AmNm and 
AE,tot=AENE] 





Number of pairs of 
channels 
   - 32 
Total membrane area         
  42 
ECOS 
Number of pairs of 
channels 
   - 3 
Total adsorbent bed area         
  1.4 
Regeneration air flow 
rate 
 ̇     
  ⁄  145 
 
Investment cost for the membrane system 
(1000 S$) 
2.4 
Investment cost for the ECOS system (2 units) 
(1000 S$) 
1.35 
Total operating cost over life time (10 years) 
(1000 S$) 
(Bin 1/Bin 2/Bin 3/ Bin 4) 
5.1/5.4/5.3/5.7 
Total weighted cost based on the frequency in 
each bin (1000 S$) 
9.2 
 
The optimized system is then determined under weighted ambient conditions 
(green point in Figure 8-4 with values of 28.5 °C and 0.02 kgv/kga). Figure 8-6 
illustrates the thermodynamic properties of the process and cooling air streams at 
different stages of the optimized air-conditioning system presented in Figure 8-1. As 
it is observed from Figure 8-6, the simulation results indicate that the optimized large 
membrane system significantly dehumidifies and cools the ambient air (P.1P.2). In 
contrast, the small optimized ECOS system handles the remaining dehumidification 
load air (P.2P.3) and the vapour compression chiller cools the dehumidified air at 
the heat exchanger (cooling coil device) with efficiency of 85% (P.3P.4). The 
optimized system satisfies the comfort criteria (P.5) for the abovementioned weighted 
ambient temperature and humidity ratio. The analysis of the Figure 8-6 and Table 8-4 
implies that if the dehumidification load is mainly handled by a large membrane 
system, the residual latent load can be handled by a relatively small ECOS system 
177 
with relatively low heat demand for the regeneration process. Therefore, it is 
important to consider that the relatively high investment in realizing an (large) ideal 
membrane system offers a pay-off in reducing the investment and operating costs for 
the ECOS system.  
Additionally, as can be seen from Figure 8-6, although an optimal membrane 
system may dehumidify and cool the ambient air to an acceptable range of humidity 
and temperature for occupants (P.1P.2), an application of an air-conditioning 
system consisting of only one membrane system without further active 
dehumidification and cooling systems is not feasible. This can be explained by the 
fact that the relatively dry and cool return air stream from the room exclusively drives 
the dehumidification and cooling processes in the membrane unit. If there is no 
additional system to handle the internal heat and moisture gains in the room, the 
moisture and temperature of the return air continuously increase which results in 
lowered dehumidification and cooling capacity of the membrane unit.  
 
Figure 8-6: Average values of temperature and humidity ratio over 10 hours at 
different positions of the optimized baseline system (Figure 8-1). P.1: ambient air, 
P.2: outlet membrane, P.3: outlet ECOS, P.4: inlet conditioned space, P5: outlet 
(inside) conditioned space, P6: inlet cooling channel ECOS and P7: outlet cooling 
channel (ECOS). The difference between P.4 and P.5 is due to the internal gains in 
temperature and humidity in the occupied space. The green rectangle shows the 
comfort region stipulated in section 8.3.3.3. (The lines between the points in the chart 
show only the connectivity, not the process). 
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8.4.1 Performance indicators of the system 
The optimized baseline system can be characterized by three performance 
indicators: (i) a thermal COP, (ii) the latent and sensible effectiveness of the 
membrane unit, and (iii) the dehumidification efficiency of the ECOS system. 
Thermal COP: The performance of the two-stage energy recovery system is 
characterized by the thermal coefficient of performance (COP) calculated by Eq. 
(8-10). In this equation, the average removed enthalpy flow is defined via the 
enthalpy difference between the ambient air and the dehumidified and cooled process 
air (supply air) leaving the two-stage system (processes P.3 and P.1 in Figure 8-1). 
The required heat flow for the regeneration process in the ECOS system is calculated 
based on the enthalpy difference between the regeneration air entering the ECOS 
system and the ambient air (processes P.8 and P.1 in Figure 8-1). 
                                   ⁄  (8-10) 
The calculated thermal COPs of the optimized membrane/ECOS system for the 
Bin-4 (Figure 8-4) climate is 1.1, respectively. 
Latent and sensible effectiveness of the membrane unit: The performance of the 
membrane unit is evaluated using the latent and sensible effectiveness. These 
performance indicators depend on the dehumidification and cooling capacities of the 
membrane unit and the air streams’ conditions at the inlets. The effectiveness values 
are calculated as follows: 
      
     
     
 (8-11) 
      
     
     
 
(8-12) 
The calculated values for the latent and sensible effectiveness of the membrane 
unit with optimized dimensions are 89% and 80%, respectively. It shows considerable 
high mass and heat transfer between the primary air and the secondary air streams due 
to the optimized dimensions. The high latent and sensible effectiveness of the 
membrane unit affirm that the membrane unit handles a significant portion of air-
conditioning load. 
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Dehumidification efficiency of the ECOS system: The dehumidification 
performance of the desiccant dehumidification system is evaluated by the dehumidi-
fication efficiency factor calculated by the following equation.  
   
     
  
 (8-13) 
The calculated value for the dehumidification efficiency is 37%. The low 
efficiency of the ECOS system is due to the relatively low dehumidification load on 
the ECOS system (             ⁄ ) compared to the inlet air humidity ratio 
(           ⁄ ). 
8.5 Sensitivity analyses 
In this section, a sensitivity analysis is performed in order to evaluate the impact of 
the characteristic cost coefficients (ci) listed in Table 8-3 and the conceivable im-
proved sub-systems’ properties given in Table 8-5 on the values of decision variables 
and objective functions. In this analysis, the advanced air-conditioning system con-
sists of a high performance chiller system with refrigerant R-134 [215], the membrane 
unit with a presumed modified material, and the ECOS system with an improved 
structure and material of the adsorbent bed and of the heat exchanger surfaces. 
Chapters 3 and 4 indicated that the performance of the ECOS and the membrane 
units significantly and directly depends on the mass and heat transfer coefficients. 
However, the impact of each sub-system’s parameters on the performance of the 
whole system and on the decision parameters for the layout of other sub-systems is 
unknown. A sensitivity analysis based on an optimization process is an appropriate 
approach to investigate the impact of the sub-systems’ parameters on the overall 
system composition.  
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Table 8-5: Improved properties of sub-systems (for the definition of        and     
see Eqs. (3-2) and (3-10) in Chapter 3)). 
Sub-system Property Specification 
Membrane 
unit 
Diffusion coefficient                
Thermal conductivity          
ECOS 
Mass transfer coefficient              
Heat transfer coefficient between the adsorbent 
bed and the cooling channels 
          
Cooling unit COP (Figure 7-3) R134a curve 
 
For the sensitivity analyses, the optimization searches are launched for the 
combinations of cost coefficients given in Table 8-3 and the improved values for the 
sub-systems’ properties. The numerical values of cost coefficients vary by –      and 
      . Due to the high number of parameter combinations and the time-consuming 
optimization process, the optimization process is performed only for one psychro-
metric condition instead of four bins (see Section 8.3.1.1). The value is the weighted 
average of the values for the four bins and equals 28.5 °C and 0.02 kgv/kga (green 
point in Figure 8-4). 
Table 8-6 presents the sensitivity calculations and the optimal values of the 
decision variables for different selected characteristic cost coefficients and improved 
sub-systems. Figure 8-7 and Figure 8-8 give the investment and operating costs of the 
air-conditioning system. 
Table 8-6: Sensitivity analysis: Numerical values of the decision variables of 
optimized systems. Cost coefficients and material characteristics are varied relative to 
the ―optimized baseline system‖ as indicated in the column ―parameter variations‖. 
With the exception of the ―advanced AC system‖ for the calculation of each line, only 
the indicated parameters are varied. The other parameters are kept constant (as those 
of the baseline system). For the advanced AC system, the parameters of the 
membrane unit, the ECOS and the cooling unit are simultaneously varied to the 
advanced characteristics, [Am,tot=AmNm and AE,tot=AENE] 
Parameters 


















                     ̇    
-    -       ⁄  
Optimized baseline 
system 
- 30 33 3 1.1 154 
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   & 
   
Unit 
electricity 




66 27 3 1.1 162 
+100% & 
+100% 
64 52 5 1.5 127 
-50% & 
+100% 
72 47 2 1.0 121 
+100% & 
-50% 
70 38 6 1.6 153 




-50% 20 58 3 1.0 114 
+100% 57 31 3 1.1 156 
   
Unit desiccant 
material cost 
-50% 42 38 4 1.4 138 
+100% 67 39 3 0.9 148 




-50% 41 38 3 0.9 145 
+100% 25 36 4 1.3 147 
   
Fabrication 
cost (ECOS) 
-50% 38 37 4 1.2 142 
+100% 47 40 3 1.3 133 
Improved membrane 
unit 
Table 8-5 41 19 3 1.1 109 
Improved ECOS 
system 
Table 8-5 38 28 4 1.6 126 
Advanced cooling 
system 




Table 8-5 37 13 4 1.5 100 
 
Table 8-6 shows that, for all parameter combinations, the total area of the 
membrane is much greater than that of the ECOS adsorber. This is due to the fact that 
the membrane unit as a passive system has (with the exception of electricity for the 
fans) no operating cost that contribute to the value of the objective function. Further-
more, the material and fabrication costs of the membrane are assumed to be lower 
than the ones of the ECOS system (see Table 8-3). 
On the other hand, advanced parameters of the ECOS result in significantly larger 
adsorber area and smaller membrane area. In contrast, improved material parameters 
for the membrane unit reduce the optimal area of the membrane but have little 
influence on the size of the ECOS that handles the residual latent load. 
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From Table 8-6, it can be deduced that among all combinations electricity and 
energy cost coefficients (c1 and c2) have the highest impact on the decisions made by 
the genetic algorithm. Figure 8-7 confirms this observation. This is because the cost 
coefficients do not only determine the dimensions of the system components but also, 
via the operating cost, they influence the total lifetime cost of the complete system 
(Figure 8-7). From these two coefficients, the electricity cost variations have the most 
pronounced influence. Consequently, a larger membrane is selected to reduce the 
latent and sensible loads on the ECOS unit and chiller. 
From Table 8-6 and Figure 8-8, it can be observed that the total cost is minimized 
on condition that the ―advanced air-condition system‖ and the improved membrane 
material (Table 8-5) are applied. The smallest membrane area, a relatively high 
adsorber area and the lowest regeneration flow rates characterize the ―optimized 
advanced AC system‖. 
This implies the interesting conclusion that the lowest operating and investment 
costs, under equal baseline cost coefficients (Table 8-3), are achieved if the maximum 
capacity of the membrane system is realized. Under this condition, in addition to the 
optimized dimensions, a membrane material with a high mass diffusion coefficient 
and a high thermal conductivity is favourable. 
 
Figure 8-7: Sensitivity analyses of the total lifetime cost of the complete air-
conditioning system: the results of variations of the cost coefficients on operating and 
investment costs are shown. The variations are indicated relative to the coefficients of 
the baseline system (bottom line c1-c6). The other coefficients are kept constant (S$: 




Figure 8-8: Sensitivity analyses of the total lifetime cost of the complete air-
conditioning system: the results of variations of the material parameters are shown. 
Only the indicated parameters are varied according to Table 8-5; the other parameters 
are kept constant (numerical values of the optimized baseline system). For the 
advanced AC system, the parameters of the membrane unit, the ECOS and the cooling 
unit are simultaneously varied to the advanced characteristics given in Table 8-5 
(S$:Singapore dollar; kS$=1000S$). 
Air-conditioning systems consisting of a vapour-compression chiller using the dew 
point technology would have high specific electricity operating costs if they process 
100% fresh outdoor air [241]. In order to reduce the electricity consumption, the 
circulation of return air and its mixture with the fresh ambient air is applied in the 
today’s typical air-conditioning systems in tropics/Singapore [4,241]. Appendix F 
analyses the electricity consumption of a typical air-conditioning system under 
practical operating conditions [5,242,243]. The comparison between the electricity 
consumptions and the operating costs of the ―optimized baseline and advanced 
systems‖ and the typical air-conditioning systems is also presented in Appendix F. 
The comparison reveals that under tropical climate conditions, the ―optimized 
baseline system‖ has the potential to save up to 50% of the system’s lifetime 
electricity consumption and up to 30% of the lifetime operating cost compared to 
typical air-conditioning systems with standard fractions of the fresh ambient air [242]. 
Improving the membrane and desiccant material can result in higher electricity and 
operating cost saving. It is because of the fact that the electricity is substituted by heat 





9 CONCLUSIONS AND PROPOSED FUTURE WORK 
9.1 Conclusions 
The primary goal of this thesis was to analyse, simulate and optimize a novel 
electricity-efficient air-conditioning system for applications in tropical climates. The 
motivation for this study arose from a concern regarding the high electricity 
consumption of the widely used conventional air-conditioning systems in such 
climates. The proposed air-conditioning system comprises membrane, solid desiccant 
and electricity-efficient cooling technologies. The developed system aimed at 
satisfying both electricity savings and comfort conditions on the basis of controlling 
the air humidity and temperature independently. The desired level of humidity was 
reached in a heat driven dehumidification system, and an electricity-efficient chiller 
unit only controlled the temperature of the dehumidified air. 
The academic contributions of this thesis in the field of (applied) engineering are: 
(i) the mathematical modelling and analyses of a complete and novel air-conditioning 
system consisting of a membrane unit, the novel evaporative cooling sorptive 
dehumidification system (ECOS) and an electricity-efficient cooling system, (ii) the 
experimental characterisation of the desiccant and membrane materials and deriving 
key materials’ parameters, and (iii) the optimization of this system configuration via 
simulation calculations including sensitivity analyses. This research work highlights 
the scientific and practical importance of the separation of latent and sensible loads 
and the key role of membrane and heat driven solid desiccant dehumidification 
systems in eliminating the electricity usage for dehumidification process. The 
analyses revealed that an optimized configuration operating with 100% outdoor fresh 
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air has the potential to save up to 50% electricity consumption compared to the typical 
systems under practical operating conditions in Singapore/the tropics. 
 The present thesis in particular addresses the following points: 
1. This thesis develops time-resolved numerical models for the newly 
developed ECOS system using the Pseudo-Gas side. The mass and heat 
transfer coefficients for the Silica Gel-123B were verified experimentally. 
The simultaneous adsorption and evaporative cooling processes were 
modelled and simulation results were compared with experiments. The 
analyses show that a concurrent evaporative cooling process considerably 
improves the adsorption capacity of the desiccant material. 
2. This thesis presents time-resolved heat and mass models for the numerical 
simulation of the membrane unit made of a hydrophilic dense membrane 
material impregnated with salt crystal. The material characterisation of the 
membrane and impregnated salt, and deriving the key mass and heat 
transfer coefficients for the simulation are experimentally performed in the 
present thesis. 
3. The potential application of the novel ECOS system in combination with 
the membrane unit is analysed in this thesis for the first time. The findings 
of the evaluation of the proposed two-stage dehumidification system have 
provided clear evidence that this novel system is a promising system to 
control the humidity of ambient air in an electricity-efficient manner for 
applications having a demand of a high fraction of fresh air in particular 
for 100% fresh air. 
This research work dealt with the development of detailed mathematical models 
of an evaporatively cooled solid desiccant dehumidification system (called ECOS 
system) and a membrane-based moisture and heat exchange unit. The work included 
experimental analyses and comparisons between experimental observations and 
model-based simulation results. The solid desiccant and membrane materials were 
experimentally characterized in order to provide necessary key material parameters 
for the simulation of the ECOS and membrane systems. The performance of a heat 
powered two-stage dehumidification system (a combination of a membrane unit and a 
ECOS system) was analysed. Finally, an intensive optimization of the complete novel 
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heat assisted air-conditioning system for applications in tropical climates was carried 
out. The main findings and original contributions are as follows: 
Complex and detailed mathematical models of the membrane unit and the ECOS 
system were developed in MATLAB, and integrated into a comprehensive single 
model in the simulation platform TRNSYS. Simulation and experimental studies of 
the ECOS system under Singapore’s climate conditions revealed that the evaporative 
cooling process significantly improves the adsorption capacity of the desiccant 
material. The Pseudo-Gas side (PGS) model was used for the modelling of the 
sorption process in the ECOS system. The necessary mass and heat transfer 
coefficients applied in the PGS and lumped capacitance models were studied, and 
validity of the empirical correlations is examined experimentally. The Solution-
Diffusion model (SDM) was applied to simulate not only heat and water transports 
through the membrane material but also to simulate the sorption and desorption 
processes occurring at the surfaces of the membrane sheets. The material 
characteristics of including sorption properties of the dense membrane material and 
the crystal salt, the thermal conductivity and the diffusion mechanism of the 
membrane are experimentally studied in the present thesis.  
Simulation studies were performed to evaluate the performance of a two-stage 
dehumidification system. The studies suggested that the membrane unit can remove a 
high amount of humidity from the air with relatively low specific electricity 
consumption (for air transport only), while the heat powered ECOS is necessary to 
remove the remaining dehumidification load in order to provide the desired level of 
humidity. Moreover, it was found that the best performance of the two-stage 
dehumidification system is achieved if the maximum performance of the membrane 
unit is realized.  
In order to find an optimized balance of the three air-conditioning components 
(membrane, ECOS adsorber and electricity efficient chiller), an optimization-based 
simulation approach using a genetic algorithm was developed. The optimization was 
based on a simplified objective function. The applied optimization approach 
simultaneously takes care of the minimum sum of both operating and investment costs 
and the comfort criteria in a single objective optimization. The optimization results 
revealed that an integration of a relatively large membrane unit, a small ECOS system 
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and a chiller unit operating at an elevated evaporation temperature is the most cost-
effective combination meeting the comfort criteria. In this optimal system, the 
dehumidification load is handled by both the membrane unit and the ECOS system, 
and the cooling of air is performed by the chiller unit and (to a small degree) by the 
membrane unit. The proposed system with optimal dimensions can benefit from a 
relatively high thermal COP, more than 1.0, for the dehumidification process. 
The resulting optimized system configuration has the potential to save up to 50% 
of the system’s lifetime the electricity consumption and 30% of the lifetime operating 
cost compared to the fully electricity powered typical air-conditioning systems under 
practical operating conditions in Singapore/ the tropics, mainly due to the following 
two reasons: 
i) the dehumidification load is handled by the membrane system and the 
heat driven ECOS system. 
ii) the sensible load is accommodated by an electricity-efficient 
conventional unit with elevated chilled water temperature (e.g. 16 ºC 
as compared to 6-10 ºC in conventional systems). 
Sensitivity analyses were performed in order to assess the impact of specific costs 
for heat and electricity and material parameters on the optimal system layout. These 
analyses showed that, among all components, improvements of the membrane 
material parameters is the most efficient way to reduce the investment and operating 
costs of the proposed air-conditioning system. 
The proposed novel air-conditioning system with 100% fresh outdoor air is a 
promising technology offering low environmental impact due to minimum electricity 
usage (less than 50% of that of a typical air-conditioning system). The system benefits 
from the utilization of low-grade heat sources such as solar energy and waste heat and 
the application of membrane technology to fully handle the dehumidification load.  
On the negative side, the proposed system consisting of three air-conditioning 
components is rather complex. This feature may be an obstacle for the swift 
commercialization of this kind of technology. Nevertheless, the author is convinced 
that the separate handling of latent and sensible loads is a promising route for 
designing future-oriented air-conditioning systems for applications in tropical 
climates. 
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9.2 Proposed future work 
The scope of this study was limited to one specific material for the membrane and 
the existing ECOS units. One possible avenue for future work is to analyse and 
develop improved membrane and desiccant materials.  
The cost assessment was performed on the basis of today’s energy and electricity 
prices and estimated manufacturing costs. Even though sensitivity analyses were 
carried out to evaluate the uncertainties, having more reliable cost parameters over the 
system lifetime can yield more accurate cost assessments. 
The potential decline of the performance of the system components due to the 
deterioration of materials and the resulting increasing maintenance costs were not 
taken into account. Detailed deterioration analyses of materials and the assessment of 
maintenance cost over the system’s lifetime are recommended for a future work.  
The accuracy of the simulation programmes were assessed by comparing 
simulation results with experimental data acquired at SERIS, Singapore, in 2013. 
However, due to an unforeseen lab closure, an extensive comparison between 
experimental and simulation results particularly for optimized systems is at the 
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Appendix B Finite difference approaches for numerical simulations of the 
ECOS system 
A comprehensive computer programme was developed in MATLAB on the basis 
of detailed numerical modelling of ECOS system and membrane unit. This 
programme utilizes the explicit finite difference approach based forward time-forward 
space discretization. The simulations for the ECOS system and membrane unit were 
performed using following flows chart shown in Figures B-1 and B-3, respectively. 
Figure B-2 presents the main mathematical models and equations applied in different 
operating modes including adsorption, regeneration and pre-cooling processes. Figure 
B-4 presents a list of main equations used to simulate the membrane unit.  
As seen in Figures B-1 and B-3, the units’ dimensions, properties of the desiccant 
and membrane materials, operating conditions and boundary conditions are the 
necessary values to initiate the simulation programme. In order to guarantee the 
stability of the simulation, a proper time resolution and a spatial resolution are chosen 
for the ECOS and membrane units. The time and spatial resolutions are determined by 
units’ dimensions, the total simulation time and discretization numbers including nt, 
nx and ny. Since the simulation of ECOS system is time-dependent and two 
dimensional, three subsequent loops, for each dimension, are performed. In contrast, 
two loops can simulate the counter-flow membrane unit. The numerical equations 
given in Figures B-2 and B-4 are solved within these three loops. 
Figure B-2 clearly presents the involved equations in each operating mode. For 
instance, only equations (3-21) and (3-9) are involved during the pre-cooling mode 
(      ). The involved equations for the adsorption and regeneration modes are 
similar, but the regeneration mode does not use Eq. (3-21) which describes the 
evaporative cooling process.  
Figure B-4 presents a series of equations that used to simulate the membrane unit. 
As seen from Figure B-4, initially the humidity ratios and temperatures at the surfaces 
of membrane layer are calculated using the conjugate mass and heat transfer 
equations. Thereafter, the humidity ratios and temperatures in the primary and 
secondary air channels are calculated using the humidity ratios and temperatures at 
the surfaces of membrane layer.  
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START
Set the system simulation parameters
Set the hydraulic and 
thermodynamic parameters of 
air streams
Set the initial values:
Tp, wp, Tco,wco, Ws, Ts
Set the values for boundary conditions: 
Tp, wp, Tco,wco
(Eqs. 3.22 - 3.25)
Time loop (k=k+1)
Position loop in x-direction 
(i=i+1) 
Position loop in y-direction 
(j=j+1) 
Main mathematical models for simulation
(See next flow charts)
j <ny 
i <nx 







Set the ECOS unit’s physical 
dimensions and  parameters of 
desiccant material
Calculate the number of steps for time 
(nt) and position (nx and ny)
YES
NO
Set the time interval and geometrical mesh size
k = i = j = 0
 
Figure B-1: Flow chart of the simulation programme for the ECOS unit developed in 
MATLAB. 
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The equilibrium humidity at the 
hypothetical surface (Eq. 3-5):
whs(i,j,k)=f(ϕs(i,j,k),Psat(i,j,k))
Adsorption heat (Eq. 3-8):
Qads(i,j,k)=f(Ws(i,j,k))
Humidity ratio in the process air (Eq. 3-14):
wp(i,j,k+1)=f(wp(i,j,k),whs(i,j,k))
Temperature in the process air (Eq. 3-18):
Tp(i,j,k+1)=f(Tp(i-1,j,k),Tp(i,j,k),Ts(i,j,k),wp(i,j,k),whs(i,j,k))
Temperature in the cooling air (Eq. 3-21):
Tco(i,j,k+1)=f(Tco(i,j-1,k),Tco(i,j,k),Ths(i,j,k),wco(i,j,k),wsat(i,j,k))
k <nads 
 k <nreg 
NO (Regeneration mode)
Temperature in the desiccant bed (Eq. 3-9):
Ts(i,j,k+1)=
f(Ts(i,j,k),Tp(i,j,k),wp(i,j,k),whs(i,j,k),Tco(i,j,k),Qads(i,j,k))
Temperature in the desiccant bed (Eq. 3-9):
Ts(i,j,k+1)=
f(Ts(i,j,k),Tp(i,j,k),wp(i,j,k),whs(i,j,k),Qads(i,j,k))
Humidity ratio in the desiccant bed (Eq. 3-1):
Ws(i,j,k+1)=f(wp(i,j,k),whs(i,j,k))
YES
Temperature in the cooling air (Eq. 3-21):
Tco(i,j,k+1)=f(Tco(i,j-1,k), Tco(i,j,k),Ts(i,j,k),wco(i,j,k),wsat(i,j,k))














Figure B-2: Flow chart for solving heat and mass transfer equations in different 





Set the system simulation parameters
Set the hydraulic and 
thermodynamic parameters of 
air streams
Set the initial values:
Tp, wp, Ts,ws
Set the input values: 
Tp, wp, Ts,ws
(Eqs. 4.28 – 4.31)
Time loop (k=k+1)
Position loop in x-direction (i=i+1) 
Main mathematical models for simulation
(See next flow charts)
i <nx 





Set the Membrane unit’s 
physical dimensions and  




Calculation of total mass 
resistance (Rtot) (Eq. 4-2)
Set the time interval and geometrical mesh size
Calculate the number of steps for time (nt) 
and position (nx)
k = i = 0
 
Figure B-3: Flow chart of the simulation programme for the Membrane unit 
developed in MATLAB. 
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Total mass flux (J(i,k) in Eq. 4-4)
Humidity ratio at surface of membrane in 
the primary channel (wmp(i,k) in Eq. 4-32)
From previous step
To next step
Humidity ratio at surface of membrane in 
the secondary channel (wms(i,k) in Eq. 4-33)
Humidity in the primary air (Eq. 4-17):
wp(i,k)=f(wp(i-1,k),wp(i,k),wmp(i,k))
Humidity in the secondary air (Eq. 4-22):
ws(i,k)=f(ws(i,k),ws(i,k),wms(i,k))
Temperature in the primary air (Eq. 4-21):
Tp(i,k+1)=f(Tp(i-1,k),Tp(i,k),Tmp(i,k))
Temperature at surface of membrane in the 
primary channel (Tmp(i,k) in Eq. 4-11)
Tmp(i,k)=f(Tp(i,k),Ts(i,k),J(i,k),qst)
Temperature at surface of membrane in the 
secondary channel (Tms(i,k) in Eq. 4-12)
Tms(i,k)=f(Tp(i,k),Ts(i,k),J(i,k),qst)
Temperature in the secondary air (Eq. 4-23):
Ts(i,k+1)=f(Ts(i,k),Ts(i,k),Tms(i,k))
 
Figure B-4: Flow chart for solving heat and mass transfer equations involved in 
simulation of the membrane unit.  
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Appendix C Designing an optimal cross-flow membrane unit for a 
dehumidification application 
C-1:    Cross-flow membrane system with rectangular membrane area 
Figure C-1 presents optimization solutions and a compromise between the 
effectiveness and pressure drop of cross-flow membrane unit using Pareto curve for 
different number of channels. As can be seen in Figure C-1, for each number of 
channel, the latent effectiveness (performance) of membrane system improves for 
higher total pressure drop due to increased values of width and length of membrane 
unit (the membrane area). Additionally, higher number of channels results in higher 
latent effectiveness and lower pressure drop. Table C-1 presents five different optimal 
designs for each number of channels. As interpreted from Table C-1, for each number 
of channels, the higher effectiveness is acquired for the lower length and higher width 
of channels due to lowered primary air velocity and increased secondary air velocity. 
From the optimal solutions shown in Figure C-1 and given dimensions in Table C-1, 
it is possible to choose a membrane unit – with specific number of channel – with 
relatively high latent performance, yet, it comprises high the pressure drop (operating 
cost) and large the membrane area. A solution is to choose a membrane unit with 
higher number of channels. For example, in order to design an optimized membrane 
with minimum latent effectiveness of 0.85, the optimum dimensions for Design Ex 
(shown in Figure C-1) are selected that are given in Table C-1 for each number of 
channels. The total membrane areas for the ―Design Ex‖ are 32.4, 42.2, 27.3 and 40.6 
(  ) for the number of channels as 50, 100, 200, 400, respectively. So that, if 
designer is not limited to the membrane’s height, the membrane with 200 pairs of 
channels has the minimum total area (27.3  ) and minimum total pressure drop 
(about 100 Pa). 
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Figure C-1: The multi-objective optimization for the cross-flow membrane system for 
different number of channels. Membranes ―A to D‖ are selected membrane units that 
their dimensions are given in Table C-1. Membrane ―EX‖ is given as an example that 
its latent effectiveness is about 0.85. The height of channels is 2mm. 
Table C-1: Selected optimal membrane designs from Pareto curves for different 
number of channels. 
 
50 pairs of channels 100 pairs of channels 
L W A            L W A            
Design A 1.0 0.9 35.5 0.7 319 0.6 0.6 28.4 0.7 159 
Design B 0.6 1.1 25.1 0.9 389 0.6 0.9 41.8 0.9 170 
Design C 0.4 1.44 23.7 0.95 641 0.55 1.09 46.8 0.9 208 
Design D 0.3 1.5 17.7 1.0 843 0.39 1.18 36.2 1.0 256 
Design Ex 0.8 1.1 32.4 0.8 351 0.6 0.9 42.2 0.8 167 
 
200 pairs of channels 400 pairs of channels 
L W A            L W A            
Design A 0.3 0.5 24.3 0.8 84 0.3 0.4 36.5 0.8 40 
Design B 0.3 0.7 31.6 0.9 110 0.3 0.4 41.4 0.9 43 
Design C 0.2 0.9 36.5 1.0 155 0.3 0.5 40.9 0.9 49 
Design D 0.2 1.1 31.4 1.0 204 0.3 0.5 38.8 1.0 62 
Design Ex 0.3 0.5 27.3 0.9 92 0.3 0.4 40.6 0.9 42 





























 Pareto frontier (50 channels)
 Pareto frontier (100 channels)
 Pareto frontier (200 channels)

















Total pressure drop (Pa)
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C-2:    Cross-flow membrane system with square membrane area 
According to the presented equation for the pressure drop (Eq. (4-39)), the pressure 
drop for a cross-flow membrane system with square area is not function of 
length/width of membrane but varies with number of channels if the height of 
channels are kept constants. So that, the multi-objective optimization approach based 
the pressure drop (like previous the previous section) is not applicable. Therefore, the 
total membrane area is used as the second objective function instead of the pressure 
drop. The optimization results are shown in Figure C-2. As can be seen, the maximum 
latent effectiveness is achieved as 0.75 for the cross-flow membrane unit with 
relatively high membrane area. The comparison of acquired values for two 
configurations of the cross-flow membrane unit (square and rectangular area) clearly 
shows that the effectiveness of the membrane with rectangular area is considerably 
higher due to flexibility in decreasing the ratio of the primary to the secondary air 
velocities. Table C-2 presents the optimal dimensions of some selected membrane 
units on the Pareto front curve. Figure C-2 and Table C-2 clearly indicate that 
significant membrane area (13 to 68   ) should be increased in order to improve the 
latent performance of membrane from 0.68 to 0.75. Therefore, it is reasonable to use 
the low membrane area. 
 
Figure  C-2: Latent effectiveness as function of total membrane area for a cross-flow 
membrane system with square area. The height of channels is 2mm. 
































Table C-2: Optimal dimensions for the cross-flow membrane with square area. 











Length of primary 
channel in x-
direction 




     0.68 0.65 0.74 0.82 1 
Number of 
primary channels 
    - 30 40 57 63 69 
Total Area      13.91 16.96 31.26 42.26 68.69 
Latent 
effectiveness 
     - 0.68 0.70 0.73 0.74 0.75 
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Appendix D Block diagram of the two-stage dehumidification system 
Figure D-1 presents a block diagram of the two-stage dehumidification system that 
was implemented in TRNSYS to simulate a combination of a membrane unit and an 
ECOS system consisting of two ECOS units. As seen in Figure D-1, during the 
adsorption time in the one of ECOS units (      ), the regeneration and pre-cooling 
processes occur in another ECOS unit. According to this diagram, the pre-
dehumidified and pre-cooled air in the membrane unit is supplied to one of the ECOS 
units that operates in adsorption mode. The air is further dehumidified in one of the 
ECOS units and then the conditions of dehumidified air are used as the simulation 
results for the analyses. Additionally, the two-stage dehumidification system was 
coupled with a sensible cooling system and a conditioned space in TRNSYS in order 
to create a comprehensive model for the whole air conditioning system integrated 
with the building. 
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Appendix E Uncertainty analyses 
The uncertainty of measurement is a positive quantitative value that shows the 
possible spreading of values associated to a measured value [244]. The following 
uncertainty assessment is in regard to the evaluation of uncertainties in the 
experimental temperature and absolute humidity measurements presented in Sections 
3.3.3, 3.3.4 and 4.3.4. 
Relative Humidity (RH) – In order to perform the measurements, the capacitance 
RH sensors are calibrated with high accuracy using a humidity calibrator apparatus 
(Michell). The calibrator is able to provide stable air humidity at different set-points. 
The measured values by the sensors are compared with the values acquired from the 
master optical dew-point sensor (Michell-Optidew Vision; 0.1%). A regression 
analysis with a second order polynomial was implemented in order to reduce error 
between the measured data obtained from relative humidity sensors and the reference 
sensor. Thereafter, the specific polynomial equation for each sensor is used to correct 
the experimental measurements during the experiments. 
Figure E-1 presents curves of the measured relative humidity (RH) at the reference 
sensor (in black colour) and at a selected uncalibrated sensor (in red colour) and also 
the calibrated relative humidity at three different relative humidity set-points 
including 20, 50 and 80%. The measured values for sensor-1 (as an example) were 
corrected using a 2
nd
 order polynomial equation. While an obvious discrepancy exists 
between the reference and uncalibrated data (measured values in red colour), the 
calibrated data (in black line) follows the reference values closely.  
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Figure E-1: Measured relative humidity (RH) at an uncalibrated sensor (red), 
calibrated sensor (blue) and at the reference sensor (black). The set-point values for 
the relative humidity were 20%, 50% and 80%. 
The systematic uncertainties due to the calibration, instrument uncertainty, data 
acquisition system can be calculated as follows:  
    √
∑ (       )
  
   
 (   )
 
(E - 1) 
where,     is the systematic uncertainties for relative humidity measurements,   is 
the number of experimental data,    is the value of experiment,      is the reference 
relative humidity set-point (at reference dew-point sensor). 
In addition to the instrument uncertainty, the other uncertainty contribution such 
as: (i) reference dew-point sensor (0.1%) and (ii) spatial unhomogenity of humidity at 
the cross area (0.4%) should be added [245]. The measured uncertainty values for the 
sensors positioned in the air streams with relatively low temperature were in the 
average order of 3% and the uncertainty for other two sensors (8 and 9) which 
operated at high regeneration air temperatures are in the average order of 5%.  
 
Absolute Humidity – The Uncertainty of the calculated absolute humidity 
depends on the uncertainties of the measurement values for the relative humidity and 
the temperature. The relation between the absolute humidity, relative humidity and 
the temperature is determined as: 
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where,   ,   ,    and    are   
 ,     ,       and       [246]. 
The uncertainty of the absolute humidity can be calculated using the following 
equation. 
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(E - 3) 
Using eq. E-2 this results in: 
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(E - 4) 
where,    is the uncertainty of the temperature measurements. The instrument 
uncertainty of the temperature sensors is given as       . However, the main 
characteristic uncertainty that also includes the systematic error were defined as 
      for the temperatures between    and    , and       for the temperatures 
above    . Because the uncertainty of temperature sensors is influenced by the 
temperature [41].  
The uncertainties of temperature and calculated humidity ratio ( ) measurements 
are summarized in Table E-1. As seen, the uncertainty of temperature and absolute 
humidity for sensors 8 and 9 (the regeneration air inlet and exhaust) are relatively 
large compared to the other values. It is because of the high regeneration temperature 
at the inlet and outlet of ECOS unit. 
Table E-1: Uncertainties of the measurements 
Parameters 
Units Low temperature range  
(25-30 ) 
High temperature range 
(50-80 ) 
               




Appendix F Typical air-conditioning systems for applications in Singapore 
In Singapore, typical air-conditioning systems can be generally classified into the 
split units, Constant Air Volume (CAV) systems and Variable Air Volume (VAV) 
systems [247]. Figure F-1 presents a schematic and a Psychrometric diagram of air 
conditions of the typical building ACMV system (particularly CAV system). A 
typical air-conditioning system consists of a vapour-compression chiller, a heat 
exchanger (cooling coil) and an auxiliary heater as the main components. In this type 
of systems, the ambient air (P.1: e.g. 28.5°C and 20 gw/kga) is mixed with relatively 
dry and cooled return air from conditioned space (P.2: e.g. 24°C and 10 gw/kga). The 
state of mixed air moves on the line between states -1 and -2, depending on the 
fraction of fresh air. The mixed air (state-3) is cooled and dehumidified 
simultaneously in the cooling coil device which operates at the apparatus dew point 
temperature (ADP) (Processes 34). The apparatus dew point temperature is below 
the air temperature at state-4 in which the desired level of air humidity (8 gw/kga) can 
be reached. Supplying cold dehumidified air at state-4 may cause discomfort for 
occupants; thus, reheating of air is necessary which can be done using waste heat 
from the cooling system (compressor) or applying an electric heater (Process 45). 
The temperature and humidity of supply air at state-5 (17.5°C and 8 gw/kga) are to set 
to overcome latent and sensible loads. 
The simultaneous cooling and dehumidification of the mixed air may not follow 
the saturation line, if efficiency of the cooling coil is not 100% due to air bypass 
around coils [248]. In the cooling coil device, a high portion of air stream is cooled 
down to the apparatus dew-point temperature due to direct contact with coils and 
another portion of air stream bypasses the coil surfaces. Thus, mixture of these two air 
streams, after the cooling coils, has slightly higher temperature and humidity 
compared to the ADP state. Performance of the cooling coil is then presented by the 
cooling coil contact factor (cooling coil efficiency). The cooling coil efficiency is 
calculated using Eq. F-1 [241]. The cooling coil efficiency is considered as 85% 
(bypass factor 0.15) for the calculations performed in this section [249]. 
      
     
       
 
(F - 1) 
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where,   is enthalpy, humidity ratio and temperature of air. The above equation 
can be true for temperature if the heat capacity of air is assumed to be constant 
between    and     .    and    are the conditions of the mixed air before and after 






Figure F-1: Schematic [241] (a) and Psychrometric diagram of air conditions (b) of a 
typical Air-Conditioning and Mechanical Ventilation (ACMV) system applied today 
in Singapore. State-1 presents the ambient air conditions; state-2 presents the 
room/return air conditions; state-3 is the state of mixed air, state-4 presents the state 
of dehumidified and cooled air after the cooling coil device, and state-5 is the state of 
supply air with desired temperature and humidity. In the cooling coil device, a high 
portion (e.g. 85%) of air stream reaches the ADP (apparatus dew point) temperature 
and another portion (15%) bypasses the cooling coils. The air at state-4 is the mixture 
of these two portion of air streams [241]. (The lines between the points in the chart 
show only the connectivity, not the process). 
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The amount of supply air to the room depends on the amount of sensible and latent 
loads generated in the conditioned space, contaminants and the supply air temperature 
and humidity (State-5). As discussed in Chapter 7, 200 m
3
/h (14 L/s per person) is 
considered in this section. The amount of fresh air can be specified from the 
Singapore standard code of practice for air-conditioning and mechanical ventilation in 
buildings [242]. According to the Singapore standard code (SS553), the minimum 
outdoor air supply is 5.5 L/s per person and 0.6 L/s per m
2
 in offices, which is twofold 
of the values defined by ASHRAE standard 62.1 [250]. Some practical studies in 
Singapore/Tropics considered 4-8 L/s fresh air per person [5,251]. In practical 
applications, decreasing the fraction of fresh air to the conditioned space can reduce 
electricity consumption of the air-conditioning system; however, the small portion of 
fresh air may not satisfy the indoor air quality [248]. 
In this section, the electricity consumption of a typical air-conditioning system is 
calculated under different fractions of the fresh ambient air. Thereafter, the electricity 
consumption of the typical system is compared with the proposed system (consisting 
of membrane and ECOS system) in Chapter 8. Table F-1 provides information about 
the mixed air conditions, calculated ADP temperatures of the cooling coil and 
electrical COPs of the chiller unit. The ADP temperatures at the saturation line are 
calculated using Eq. F-1 and known cooling coil efficiency and absolute humidity at 
states -3 and -4. Figure F-2 illustrates the total electricity and heat energy 
consumption of the optimized baseline system and optimized advance system (Section 
8.4), and the electricity consumption of typical system under different fractions of 
fresh air. The electric COP of the cooling unit at the ambient temperature and 
different apparatus temperatures are calculated according to the electric COP graph 
(See Figure 7-2, in Chapter 7). The electric power calculation is done using Eq. F-2 
based on the total load on the chiller unit and the electrical COP of chiller. 
 ̇   
  ̇   (       )
     
 
(F - 2) 
where, ̇     is the supply air mass flow rate,    and    are the specific enthalpy of 
the mixed air before the cooling coil device and   is the efficiency of the cooling coil 
device (e.g. 85%). Eq. F-2 is a rough assessment of the minimum required electric 
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power for the chiller unit. The heat losses besides the non-ideal cooling unit and the 
power of the air transport devices are not taken into account. 
As presented in Table F-1, reducing the fresh air fraction results in elevated 
apparatus dew-point temperature (ADPT) of the cooling coil [248]. It is because 
reducing the fraction of fresh air reduces the latent and sensible loads on the cooling 
coil due to decreased humidity and temperature of the mixed air. 
Table F-1: Operating conditions of a typical cooling system presented in Figure F-1 
under different fraction of fresh ambient air 
 
As shown in Figure F-2, reducing the fraction of fresh air in the typical air-
conditioning system can save the total electricity consumption considerably due to 
reduced latent and sensible loads on the chiller unit. However, the reducing fraction of 
air to 25% of 200 m
3
/h cannot satisfy the indoor air quality for four persons 
determined by the Singapore standard code (SS 533: 145 m
3
/h for 4 persons); yet, it 
may be suitable for some practical applications of ACMV systems (about 4 
L/s/person, 58 m
3
/h for 4 persons [4,5]). 
As seen in Figure F-2, the total electricity consumption of the optimized systems 
(Chapter 8) is low compared to the typical air-conditioning system even for low 
fraction of fresh air. However, heat energy consumption of the optimized system is 
notably high. Improving the desiccant and membrane materials in terms of heat and 
mass transfer processes and also improving the chiller unit in the ―advanced AC 
system‖ can save electricity consumption of the optimized system considerably 
compared to the typical air-conditioning systems. 
Fraction of fresh 
air 
Mixed air conditions ADP temperature 
of cooling coil 
( ) 
Electric 
COP   (     ⁄ )   ( ) 
25% 12.9 25.2 9.8 3.1 
50% 15.7 26.3 8.8 3.0 
75% 18.5 27.4 7.7 2.8 
100% 21.3 28.9 6.5 2.6 
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Figure F-2: Total electricity and heat energy consumption of the optimized proposed 
system (see Chapter 8) and a typical air-conditioning system under different fraction 
of fresh ambient air. The electricity/energy for the reheating process and the 
electricity used by the fans in the typical system is not considered. The values for the 
―optimized baseline system‖ and the ―optimized advanced system‖ are based on 
detailed simulations described in Chapter 8; the values for the ―typical ACMV 
system‖ are a rough assessment of the minimum electricity required as described in 
the text above. 
Figure F-3 presents a comparison between the total operating costs of optimized 
baseline and advanced systems (Table 8-6) with 100% fresh air and a typical ACMV 
system (Figure F-1) with different fractions of fresh ambient air. The operating costs 
are calculated using the reference cost coefficients presented in Table 8-3. As can be 
seen, the operating cost of the ―optimized baseline system‖ consisting of the 
electricity and heat energy costs is relatively higher than the typical cooling system 
with low fraction of fresh air (25% of fresh air, 3.5 L/s/person); nevertheless, it is 
lower than the operating cost of the typical system if a higher (standard) amount of 
fresh air (e.g. 75% of fresh air, 11.5 L/s/person [242]) is required. Advancing the 
proposed system including improved membrane, ECOS and chiller systems can save 
operating cost of the optimized system considerably and its operating cost is relatively 
lower compared to the typical ACMV system under all operating conditions. In the 
proposed system, the heat energy consumption for dehumidification process is 




Figure F-3: Total operating costs of optimized systems with 100% fresh air and a 
typical cooling system with different fractions of fresh ambient air. The operating cost 
for the optimized systems consists of the cost for electricity and heat energy, while the 
operating cost of the typical system is the total electricity cost used by the chiller unit. 
The set of cost coefficients are given in Table 8-3. The operating cost used for the 
reheating process and the electricity used by the fans in the ―typical ACMV system‖ 
is not considered. (S$: Singapore dollar). 
F-1:  Optimization the “baseline system” for different fractions of fresh air 
The proposed system consisting of a membrane unit and the ECOS system is 
particularly designed as a dedicated outdoor air system with supplying 100% fresh air 
(see Chapter 8). According to Chapter 6, the best performance of this system is 
realized if the maximum performance of the membrane unit is achieved. It is possible 
if the return air flow is fully supplied to the membrane for the best possible 
dehumidification and cooling performance. However, in this section, the performance 
of the proposed system with different fractions of fresh ambient air and recirculation 
of return air is evaluated and compared with the typical ACMV system (Figure F-1). 
Figure F-4 illustrates the air distribution in the proposed two-stage dehumidification 
system with circulation of the return air. As shown, an amount of ambient air 
( ̇         ) is mixed with circulated return air ((   ) ̇   ) and then the mixed air 
flows through the membrane unit to be dehumidified and cooled by another portion of 
return air (  ̇   ). As discussed in section 6.5.4, in order to increase the cooling 
capacity in the ECOS system, an additional amount of ambient air ( ̇        ) is 
mixed with the portion of return air from the membrane unit (  ̇   ). This amount of 
ambient air is chosen according to the findings in section 6.5.4 to be in the order of 
(   ) ̇   . In this way, the cooling air flow is chosen to be equal to the process air 
flow. 
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The optimization strategy described in Chapter 8 is applied in order to derive the 
optimal values for decision variables as the variables of the baseline system. These 
decision variables are given in Table 8-2. The optimization is performed individually 
for each fraction of fresh ambient air including 25%, 50%, 75% and 100% as 
presented in Table F-1. Reducing the fresh ambient air portion and increasing the 
portion of circulated return air decrease the latent and sensible loads on the system. 
The reduced latent and sensible loads can result in smaller system with less electricity 
and heat energy usage. The acquired optimal values for the decision variables for each 
fraction of the ambient air are presented in Table F-2.  
Figure F-4 presents the comparison between the electricity and heat energy 
consumed by the ―optimized baseline system‖ and the electricity usage in the typical 
cooling system for different fractions of air. As can be seen, reducing fractions of the 
fresh ambient air can save the electricity usage of the ―optimized baseline system‖ 
slightly. However, reduction of the fresh air has relatively stronger impact on the heat 
energy used by the ECOS system. Paying attention to the electricity consumption of 
the proposed system, reducing the fresh air to the system can save the electricity 
consumption of the both systems. The effect is much greater in the ―typical ACMV 
system‖. 
 
Figure F-4: Schematic diagram of the two stage-dehumidification system with 
circulated return air. This system dehumidifies a mixture of a portion of ambient air 
and a portion of return air. ―r‖ is the fraction of the fresh ambient air added to the 
process air and  ̇            ̇   . The fraction of the circulated return air to the 
process air is (   ) ̇   . ̇          is set to (   ) ̇    (see text above). 
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Table F-2: Optimized numerical values of the decision variables for the baseline 
system with different fractions of the fresh ambient air [Am,tot=AmNm and AE,tot=AENE] 
Sub-
systems 


















   - 18 24 29 32 
Total 
membrane area 
        





   - 2 3 3 3 
Total adsorbent 
bed area 
        
  1.2 1.2 1.3 1.4 
Regeneration 
air flow rate 
 ̇     
  ⁄  113 121 129 145 
 
 
Figure F-5: Comparison between the electricity used by the optimized baseline system 
and a typical ACMV system with different fractions of fresh ambient air over the 
systems’ lifetime. The red bars show the electricity consumption and the blue bars 
present the heat energy consumption of the optimized baseline system for different 
fractions of fresh air. The electricity or heat energy used for the reheating process and 
the electricity used by the fans in the typical ACMV system are not considered. 
 
